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The antiseptic properties of a series of quaternary salts of 2(p>amiiio anil or 
styryl) quinoline have already been described (Browning and others, 192G, 1928); 
the present oommunication is a continuation of this work. The same methods 
have been used as before, since with compoiuids of the present series also the 
lethal action on bacteria proceeds slowly (Browning, 1922, 1926). Table I 
shows the inhibitory concentration of the various siibstances, i.e., the lowest 
oemoentration which suffices to inhibit growth, so that when present in the 
medium inoculated with the particular organism no definite turbidity to the 
naked eye develops after 48 hours at 37° C.—subculture then proving sterile 
or yielding at most a very scanty growth. As has been noted, this concentration 
appears to yield the most satisfactory indication of the antiseptic effect of a 
slowly acting bactericidal substance. 

2(p-afiMno anil)-6 acyl amino quinaUne derivatives, —Nos. 376, 374, 373, 376, 
384, and 379 are analogues of 2 (p-aniino anil )-6 ocetylaniino quinoline metho- 
chloride (No. 46), Th^ are all fairly powerful antisepticB toward both 
staphylococcus and B, ooU and they are little or not at all diminished in their 
action by serum. The members of the series show no noteworthy progressive 
differences in antiseptic properties which can be attributed to alterations in 
the aoyl group. The chloracetyl compound (No. 239) is, however, less active 
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in seram, especially toward stophylooooous, and this ooitesponds with what 
has been found with the cshlotaoetyl and bKanaoetyl derivatives of 2 (p-diin 0 thyl* 
amino anil)-6 amino quinoline (q^. Nos. 71, 72, and 69). 

2(^-dmethylamino anil or Uyryl)-Q aojfi amino quinoUne derivativa .— 
The anils (Nos. 383, 426, 378, 334, 360, 361, 362, 363, 462, 463) are higher 
analogues of 2(]>-dimethylamino anil}-6 acetyl amino quinoline methochloiide 
(No. 60). Like the other members of this series (Nos. 65-69), they are all 
powerfully antiseptic toward both staphylococcus and B. coU, and their action 
undergoes little or no diminution in the presence of serum. The styryls (Nos. 
447, 449) are as usual less powerful than the corresponding anils (Nos. 462, 
463). 

Hp-dUnfiamino anil)-6 acyl amino quinoBne derivaiivet. —Nos. 380, 292, 293, 
287, 290 axe analogues of No. 116 ; they are all powerfully antiseptic. Thus 
their aotimi is in degree more close to that of the corresponding tertiary base 
(q^. Nos. 380 and 64), than of the primary base (No. 46), which is much weaker. 
The ohioracetyl ‘derivative of 2(p-methylamino anil)-6 amino quinoline (No. 
273) is less powerfully antiseptic than the oorresponding acetyl compound 
(No. 116)—a result which accords with previous observations on the depressing 
effect of a halogen atom in the aoyl group (see above). 

‘2{p<u>ttylamiM anil)-6 dimethylaminw quinoline methoMoride {No. 396), 
as compared with the non-acetylated amino analogue (No. 46) shows the 
tendency to reduced action following acetylation of the amino group in the 
2 position of the benaene nucleus which we have previously found. 

2(p-(iUiylanwno anil)-^-naplUhoquinoUne dertooltoes.—Like both the dimethy* 
lamino (No. 62) and the methylamino (No. 116) compounds, the analogues 
of the latter (Noe. 381, 291, 294, 286, 289) are all powerful antiseptios. 

The conqwund with methoxy, instead of a basic group, in the 2 position of 
the benaene nucleus (No. 296) is mudi less active. 

Uva-dimelht^mino anil)-^mopkthoquinoline mefhocUoride {No. 328) is weak 
in its action. This is in striking contrast to the correspmiding para analogue 
(Na 62). It should be noted that in the meta compound the alternate doable 
linkage is interfered with. Similarly with the dianiU of ^-napktkoquinoUiu, 
the 2-pp (No. 323) derivative is very active as compared witii the corresponding 
i-fwm compound (No. 324). 

2(p-amMo elyf^)-8 amino ^na^iHoquinoline derivaUvee. —^2(|Hliniethyl' 
amino-stjnyl)^ amino ^nsphtiioquinolinc methochloride (No. 126) is power* 
fiiUy antiseptic toward staphylococcus and no resembles in its action No. 17, 
which lacks the amino group in the nsphthoquinoline nucleus, although it ia 
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le68 active toward B. coU in watery medium than the latter. The aabstitutioa 
of a primary amino (No. 231) for the dimethylamino group in the benzene 
nuoleua has the usual effect of reducing antiseptic action, which is still further 
depressed by acetylation either of the amino group in the benzene nudeus 
(No. 249) or of both amino groups (No. 251). 

2{p^iineAffla7Hino st^iy^-napkthoquinoline dimethochloride (No, 325) shows 
a great reduction in potency as compared with the mono-methochloride, 
No. 17. 

2(p-anmio aiyry^-^fnino quinoline derii^Uivcft. —2(p-ucetylamino styryl)-7 
dimethylamino quinoline methochloride (No. 128) does not differ significantly 
in its action ftom the corresponding 6 derivative, No. 90, both being fairly 
active toward staphylococcus. 2(p-amino Btyryl)-6 chloraoetytamino quinoline 
methochloride (No, 274) is, like the 0 ocetylamino analogue (No. 8), extremely 
weak. 2(p>inethy]ainiDo Btyry])-6 acotylamino quinoline methochloride (No. 
275) is more powerful than the primary amino analogue (No. 8) and approaches 
the teritary amino compound (No. 24) in its action ; this confirms other 
observations on the influence of the secondary amino group. 

Urethane styryl deriixUives,-- 2(jhAmmo styryl) quinolyl (6) urethane 
(methyl ester) methochloride (No. 120) and the corresponding ethyl ester (No. 
121) are, like the 6 aoetylamino analogue (No. 8), weakly antiseptio but ore 
slightly more active than the latter. As compared with these, the 2(jHli- 
methylamino styryl) quinolyl urethanes (Noe. 125 and 216) show die usual 
inoreaso in effectiveness owing to the substitution of the primary by a tertiary 
amino group in the benzene nucleus. There is no significant difference between 
the action of the methyl and the ethyl esters, as was also noted for the anil 
urethane derivatives (Nos. 95 and 97). 

Chemical Section. 

NUroso Compounds .—These were prepared from the corresponding nitros- 
amines, as previously described (Browning and others, 1928). The following 
have not previously been prepared ; p-nitroso iBo-propylaniKne, m.p. 88° C.; 
jhniirosobutylaniline, m.p, 60° C.; p-nitrosophenyleihyl aniline —an oil; p- 
nitrosobenzylaniline, in.p. 35° C. 

Acytamino quinaldines. -The general method of treating the aminoquinaldine 
in acetic acid solution with the acid chloride (Browning and others, 1926) 
gave products some of which wore contaminated with aoetjdamioo quioal- 
dine; so the method adopted for the preparation of acetyl-lactyl-amino- 
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qniiialdiiie, in vhioh ohlocoform is snbstitated for aoetio aoid as Mlvantt was 
used (Browning othersi 1932). If praoipitation of amino qoinaldine 
hydroohlotide tended to occur during the reaction, pyridine wasadded, and the 
subsequent procedure was that adopted for aoet^-laotyl-aminobensaldehyde, 
as described in the same paper. These substances have the following general 
formula 

CH CH 

R.C0.HN.C/''^CH 

CH N 


Quaternary 8dUa. —^Where the preparation of the methosulphate was difficult 
or where sodium chloride precipitated unchanged methyl p-toluenesulphonate 
from a solution of that salt, the methocbloride was synthesized ota the methio- 
dide by the action of silver chloride in boiling alcoholic suspension. The 
methiodides were prepared by heating tike corresponding bases with an excess 
of methyl iodide at 100° C. in a sealed tube. 

Monoalkjfi amino anil juinoUne methohaUda. RHN . CgHi|N: CH. CfH|H. 
CH|X. —The general method has been previously descri bed (Browning and others, 
1924); occasionally as mentioned below, modifications in the method of isolation 
were found necessary. The physical properties of these compounds correspond 
roughly with those of the anils previously described. The solubility in water 
tended to decrease with increaong molecular weight. Qenerally anil con¬ 
densations with p-aoetylamino quinaldine methoohloride gave a larger yield 
and a more orystallizable product than those with ^-napbthoquiualdine metbo- 
chloride. 

Cotide n sotion q/* p-fti(ro«o butyhmiline with f^-najtlUhoyuinaidine mdhochiariie, 
when carried out in about 70% methyl alcoholic solution yielded a crystalline 
product which was washed with methyl alcohol and ether and dried. 

Cmimeaiian of ip-nitrosopKenifl^f^aniUne with p4olujuindldine metho- 
eUorids.—When this was performed in the usual way the product did not 
crystallize ou cooling. A concentrated solution of potassium iodide was 
therefore added, tsausing the separation of the methiodide in a somewhat tarry 
form, which, however, solidified on standing. After filtration it was re- 
ctyrtallized from alcohol and finally converted into the methocbloride by boiling 
witit silver chloride in methyl alcoholic solution. 

6 1 2 

Suecinf^ e$ler6aminofuinaUine. KU.CO.CH|.CU^CONH.C«UaN.CHa-- 
The ethyl hydrogen suodnate was prepared by the method of Blaise (1899). 
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It wa» oonvarted into the ester chloride by heating gently on the steam bath 
with u equal weight of Ihionyl chloride until hydrogen chloride ceased to be 
evolved. The excess of thionyl chloride was removed in vaouoj From 7 gm. 
of acid ester, 5*6 gm. of chloride were obtained. Sucdnyl ester chloride 
(5-6 gm.) was slowly added to 6 amino quinaldine (6-3 gm.) suspended in 
ohloiofonn (40 c.c.). Heat was evolved and the base dissolved. The solution 
was heated for 1 hour on the steam bath, and the yellow solution filtered if 
necessary. The chloroform was removed on the steam bath and the clear 
yellow aqueous solution precipitated with sodium carbonate. The precipitate 
was filtered ofi, washed, dried, and crystallized from alcohol in the form of 
colourless prisms with m.p. 156°-166° C. (yield 4 gm.). It was converted into 
the methiodide by heating with methyl alcohol and methyl iodide in a sealed 
tube for 6 hours ; the resulting brown cr 3 rtalline crusts ( 2-2 gm.) were crystal- 
lixed from dilute alcohol. It formed pale yellow needles which melted at 
190*^-192° C. (dooomp.). 

Found, I = 29-97%; C| 7 H||NtO|I requires I = 29-67%. 

2 (p*dfme£AyIam»no styryl) suodnyl ester 6 amino quinoUne methiodide. 

4 12 16 

(CH,)»N.CeH 4 CH:CH(CVl 5 N)NH. CO.CH,. CH,.C'OOC^ 5 (CH,I).-The quinal¬ 
dine methiodide (I *4 gm.) was converted into the styryl compound by heating 
in alcoholic solution with dimethylaminobenzaldehyde ( 0-6 gm.) and a drop of 
piperidine. The product (1-6 gm.) crystalliml in dark brown clusters of 
needles. It crystallized from hot water in flat prisms with a steely lustre and 
green reflex. Because of its insolubility in cold water the methiodide (1 - 4 gm.) 
was converted into the mcthoacetate by boiling in methyl alcohol solution 
with a slight excess of silver acetate ( 0*6 gm.) for several hours, filtered free 
from silver iodide and the solution evaporated on the water bath. The product 
( 0-6 gm.) did not appear to ciystallize. It formed a nearly black, hard reaidue, 
which dissolved readily in water, yielding a brown solution. 

Found, I = 22-24% ; CmHioNjOsI requires I = 22-71%. 

6 12 

Adific ester amino quinaldine. C,H, 0 .C 0 (CH^ 4 G 0 NH.C,H,N.CH,.--The 
acid oster was prepared by a method for which we are indebted to Professor 
Morgan. Adipic add (29*2 gm.), absolute alcohol (38 o.o.) and conoentratod 
sulphuric add (4 c.c.) were heated on the steam bath for 8-10 hours; the 
mixture was then diluted with water (260 c.o.) and extracted with ether. 
The extract was shaken witii excess of sodium bicarbonate solution and the 
aqueous layer removed, addified, and extracted thoroughly with ether. The 
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ethereal layer wae removed and dried. The yield from 14'6 gm. of adipic 
add was 4*0 gm. It vaa converted into the ester chloride by warming the 
acid ester (4-4 gm.) with thionyl chloride (4*0 gm.) on the steam bath, as 
described for the suooinyl ester derivative, and formed a colonrless visokl 
liquid (yield 4*4 gm.). This was converted into the 0 adipyl ester amide of 
qninaldine in the manner already described. The yield was 5 gm. of recrystal- 
ized product, which consisted of long square-ended prisms, m.p. C. 

It was converted into the methiodide in the usual way. From 6 gm. of the 
ester amide, 3-6 gm. of orange, crystallme methiodide were obtained, whiob 
was reorystdlized from boiling water. It melted at 158*^-159° G. without 
decomposition. 

Found, I *= 27*89%: requires I = 27*86%. 

2 (p-dtmst&ybuntno adipf^ eri&r 6 amino quinoUne methiodide. 

4 12 16 

(CH^,N.C.H 4 CH:CH(C^aN)NH.CO(CHj 4 .COOCJff 5 (CHJ).—The methiodide 
(2*6 gm.) and dimethylaminobenzaldehyde (0-8 gm.) were heated on the water 
bath in alcoholic solution with a drop of piperidine. The product (1 gm.) 
consisted of green iridescent crystals, which dissolved in hot water with a 
magenta colour. 

Found, I 21*51%: CjgHeiN.O,! requires I = 21-63%. 

A portion was converted into the methochloride in the usual way. It is 
very soluble in water, from which it crystallises in small prisms. 

2{p^ifitetkjfiaimfio and) eueoinyl ester 6 amino qtiinoline methiodide. —Suo- 
cinyl ester amino quinaldine (0*8 gm.) and nitroso dimethyloniline (0*3 gm.) 
when condensed in the usual way gave a mass of small green iridescent crystals, 
which were filtered, washed with absolute alcohol, and dried. It formed 
clusters of dark purple needles when crystallisod from hot water (yield 0*8 gm.). 

Found, 1 = 22-36%: C| 4 HnN 40 ,I requires I = 22*36%. This compound 
is not very soluble in cold water and was converted into the methochloride in 
the ustial way. The latter dissolved readily, forming a bright magenta solution. 
It crystallized from alcohol in small purple needles having a green reflex. The 
above and the following have the general formula, 

(CH,)^. C.H4N; CH(CtH|^N)NH. CO(CH,),. OOOC,H.. (CH^). 

2(p^imethylamino and) adipyl ester 6 amino quinoUne m^hiodide.—The 
substance was prepared as above. From 0-98 gm, methiodide of adipyl ester 
amino quindine and 0*3 gm. nitxoso dimethylaniline, 0*8 gm. of the anil was 
obtained, which separated from the solution as fine purple needles with green 
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reflex. The BubstaDce woa somewhat soluble in cold wafer and fairly soluble 
n hot water with a bright purple colour. 

Found, 1 = 21'1%: requires I =21'31%. The inetho- 

ohloride was prepared from the methiodide and is readily soluble in water. 
It crystallises in fine purple needles and dissolves in water with a purple 
colour. 

CmdetuatioH <f ^-naphlkoquineHM melkocUoride 2 aldehjfde with p-pheiuflme 
diamine and m-phmylenediamine. —^naphthoquinoline methochloride 2 alde¬ 
hyde (prepared by boiling 2 gm. of 2(}Hlimethyl amino anil) fl-naphtho- 
quinoline for 2 hours in 10 c.c. concentrated hydrochloric acid) was condensed 
with one-sixth of its weight of the phenyleno diamine in aqueous solution 
by heating on the water bath (p-compound 2 hours, m-compound 0 hours). 
On cooling the resulting crystals were recrystallised from 64 o.p. aloohol for 
the meta product, and for the para compound extracted with a little aloohol 
to remove a reddish blue impurity. 

Found, para compound N = 6*3%, metocompound N = 9*5%. CnHaoNfOli 
requires N = 9*6%. Both products were brownish yellow crystals. 
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Effect of Absence of Light on the Breeding Season of the Ferret. 

By Maboabbt Hn.t. (Keddey Fletoher-Warr Student), and A. S. Pabkks, 
F.R.B. (Fouleiton Student of the Royal Society). 

(Fram the National Inatitute for Iledioal Reaoaroh, I/rndon, N.W.3.) 

(Received January 16, 1934). 

[Plate 1.] 

I. ItUrodvotion. 

Biaeonnette’a (1932) remarkable discovery that additional illunination 
would induce oestrus in anoestrous ferrets has naturally led to much apeoulation 
as to what controls the onset of the breeding season in the normal ferret. An 
obvious interpretation of Bissonnette's results, and one apparently favoured 
by Marshall (1932), suggested that the beginning of the breeding season of the 
normal female in Maroh-April is influenced by the inereasing duration of day¬ 
light. Such a hypothesis, however, could not bo extended to many TruLmmalw 
Those breeding in the autumn (sheep, for instance) would require a radical 
aheiation of the hypothesis, while nocturnal and subterranean mammals can 
hardly be affected directly by the duration of daylight. Even in the ferret 
the hypothesis scarcely seemed valid, because the initial breeding season 
changes are evident histologically in December and January (AUanson, 1932). 

The convexso experiment, keeping breeding season animah in daylight of 
winter duration, was also attempted by Bissonnette (1933), but the results were 
inconclusive. A somewhat similar experiment was therefore carried out in 
London, under the very stringent conditions of keeping the animala in total 
darkness except at the time of feeding. The results offer little support to the 
theory that length of daylight has any controlling influence on naimal sexual 
periodicity. 

11. Teohnigue. 

The ferrets were kept in ordinary wire cages in a large light-proof cupboard. 
The door was opened only for feeding and cleaning. The daily feeding occupied 
about 10 minutes and the weekly cleaning about another 20 min ute s The 
animals were therefore in total darkness for a minimum of 23} hours per day. 
Smne difficulty was experienced in securing adequate ventilation without ad¬ 
mitting light. The arrangement finally devised consisted of having ventilators 
top and bottom, covered by series of vanes to exclude light. An electric &n 
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placed oateide the top ventilator, and run so tliat stale air was dravm out 
of the top of the cupboard, and fresh air sucked in at the bottooL The fan 
was operated for half an hour night and morning, a time found sufficient to 
ensure adequate ventilation. Under these conditions the ferrets kept remark¬ 
ably healthy. 

111. ExpeHfnenkd Results, 

Five males and five females were put in the dark on January 24, 1933. 
Their subsequent histories are recorded below. 

Males .—At the time of going into the dark the testes of all the nudes were 
beginning to show the first signs of development, as determined by palpation. 
Development proceeded unchecked and a month later the testes of four animaU 
were of practically full sire. One testis of the remaining animal (DBF 2) 
was also well developed, but the other was still inguinal and small. This 
animal remained in the same condition till killed in June, being apparently a 
natural luiilateral oryptorchid. Jilarly in March, DBF 1, 3, 4 and 6, were in 
full sexual activity and remained in this condition until killed. One (DBF 4) 
was paired on April 29 ; copulation was normal and the female became pr^- 
nant. Another (DBF 5) was killed for histological examination on the same 
date. The remaining ones were killed on June 9. 


Table 1. -Male ferrets kept in the dark. 


No. 

Date 

put In 
dark. 

1 

Date ^ 
of 

killing. 

Dayti 

in 

dark. 

Body 

weight 

(gm.). 

Body 

weight 

at 

killing 

(gn».). 

Weight 

of 

testes 

(gm.). 

Weight 

of 

opidldy- 

mldes 

(gm-)- 

DBF 1 . 

24,1.33 

9.S.33 

136 

1320 

1400 

2-77 

0-673 

DBF 2 . 

24.1.33 

U.e.33 

130 

1060 

020 

1-07 

0-422 

DBF 3. 

24.1.33 

9.6.33 

136 

1240 

1120 


0-066 

DHF4. 

24.1.33 

9.0.33 

136 

1440 

1330 

3*52 

0-778 

DBFS . 

24.1.33 

29.4.33 

05 

1000 

lOBO 

S-M 

0-730 


Bxcept for the one testis of DBF 2, the weights (Table I) were all com¬ 
parable with those given by AUanson (1932) for the normal breeding season 
testis, and the histological appearance in each animal indicated full spenna- 
togenic and endocrine activity, fig. 1, Plate 1. The epididymides of all were 
crowded with sperm, fig. 2, Plate 1. 

Females .—The first sign of activity among the females was observed as early 
as March 10, when the vulva of DBF 10 showed signs of enlargement, A fort- 
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night later the vulva of DBF 6 was seen to be swelling, and two other animals 
began m April, on the 7th and ISth. These four animals therefore began to 
oome into oestms within the nomud range of time. It was noticeable, how¬ 
ever, that the time token for the vulva to become enlarged fully was longer 
than normal. In one animal no less than 6 weeks elapsed between the 
beginning and the completion of enlargement. The remaining animal (DBF 9) 
showed no sign of activity until May 16, and most therefore be considered as 
having been late in coming into cestrus. DBF 6 was killed in full oestrus m 
April 29. DBF 7 was mated on April 29, after which the \ii!va regressed in 
the usual way. A litter of nine was bom on June 9, six of which were suckled 
normally until removed on July 8, By July 23 the female was in full oestrus 
again, at which time she mated and was killed. DBF 7 is thus of particular 
interest in having oome into cBstnis again after lactation, nearly at the end of 
ike normal breeding season, after 6} months of almost total darkness. 

The remaining three animals were killed still in full oestrus, on June 9, 

Histologioal examination showed that, in all the females, the oestrous con¬ 
dition of the vulvflB was accompanied by ripe follicles (Table II) in the ovaries 
and well-developed uteri, figs. 3 and 4, Plate 1. 


Table II.—Female ferrets kept in the dark. 


No. 

Ottte 
pqi Id 
Hark. 

Date 

of 

killing. 

Dayi 

in 

dark. 

Body 

wolght 

(gm.). 

Body 

weight 

at 

kminir 

(gm). 

Date 

vulva 

began 

to 

enlarge. 

Wel^t 

ovarlM 

(gm-h 

Weight 

ntonu 

(gm.). 

Dtometcr 

laraeat 

fblTiole 

(mm.). 

DBF 6 . 

34.1.33 

39.4.33 ^ 

90 

S4C 

76U 

33.3.33 

0 07» 

0*608 

M7 

DBF 7. 

34.1.33 

23.7,33 

180 

SOU 

— 

7.4.33 

0IV9 

0 W2 

1-34 

DBFS ... 

24.1.33 

9.6.33 

136 

400 

620 

13.4.33 

0-M2 

0*606 

1-34 

DBFS. 

34.1.33 

9.6.33 

186 

420 

8S0 

10.6.33 

0-063 

0-794 

1*32 

DBFIO . 

24.1.33 

0.6.33 

136 

MO 

1 

700 

10.3.33 

o-oee 

ft-636 

1 36 


IV. Disoussion, 

The experiments recorded above make it quite evident that the almost 
total exoluaion of light does not seriously afiect the onset of the breeding season 
in the ferret, and therefore suggest strongly that the increasing length of 
daylight in the spring is not a factor influencing the normal sexual periodicity 
of tiiis species. This conclusion is in accordance with the fact that the breed¬ 
ing season changes in the ferret can first be detected histologioaUy in Deoember. 

Biaocmette’s results, which have been am|fly confirmed, show quite 
deflnitely that additional illumination will induce oestnu during the winter, 
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and thiH nifect has been shown to depend on the presence of the pituitary body. 
(Hill and Parkes, 1933). It is, thertfore, neoessaiy to suppose that the 
pituitary body during auoestrua oan be artidoially stimulated by extra light, 
but that extra light is not an essential condition for the onset of the normal 
breeding season. A converse analogy may be seen in the fact that anoestrus 
oan be caused ex]>erirn(Mkta]Iy by dietary deficiency, although in many animals 
dietary factors can play no part in the causation of normal anoestrus. It 
seems preferable to regard anoestrus as merely one phase of the csstrous cycle, 
which is known to de|>end on some inherent rh^^thm of the anterior pituitary 
body. In other wonls, the problem of the causation of anoestrus in the ferret 
is analogous to the problem of the causation of the five-day cycle of the uii- 
mated mouse. 

Our thanks are duo to Mr. J. Hammond, F.R.8., who examined the animals 
during the course of the experiment, and confirmed our diagnosis of their 
condition. 

V. Summary. 

(1) Five male and five female ferrets wore kept in total darkness for 23^ 
hours per day from the end of January onwards. 

(2) The males ahowod full breeding season development at the usual time 
and maintained the condition until killed in June. 

(3) Four of the five females began to show tlie vulval swelling typical of 
oestrus by the middle of April, t.e., at the usual time. The only unusual feature 
observed was that the swelling took rather lunger than normal to reach full 
dovclopmont. The remaining female failed to show signs of activity till the 
middle of May, and was therefore lat<!. 

(4) A pair of those animals were mated, and a normal litter was produced. 
The female subsequently came into oestrus again, towards the end of the season, 
after 5^ months in the dark. 

(5) It is concluded t hat while additional light will induce oestrus in anoestfoiis 
animab, the onset of the breeding season in the spring is not dependent on the 
increasing lengtli of daylight. 
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ExperimenUtl Studies on the Transmission of Oapeworm (Syngamus 
trachea) by Earthworms. 

By Phyllis A. Clapuah, B.Sc., LawieDco Research Student of The Royal 

Society. 

(From tho Iiutitiite of A^^rioultunl Poraaitology. London Soliool of H^Tpeno and Tropioal 

Medicine.) 

(Communicated by R. T. Tieiper, F.R.S.— Received January 17,1934.) 

[Plate 2.] 

For Bomo time post it has been known that earthwornm have a definite 
role in the transmisaion of gapewonn {Syi%gamus trachea) to birds. Ah early 
08 1886 Walker eHtublinlLod this fact and claimed to hav(^ dit!K;oven^ Syngnmus 
larvflu encysted in the gut of the earth\vf)rin. He says “ . . . we generally 

find the embryoa a short distance behind the gixzard, not often more than 
half-way to the tail.” He was of the opinion that the eart.hworm was a definite 
intermediate host of the gapewonn. Though he cites Lumbrimif teffesiris in 
hifl title, he is less explicit in his text and we ure left to assume tlie species 
when he montioas “ earthworms.” The fa<;t of tho transmission of gapewonn 
by earthworms Beoms to have been overlooked, except for a short note by 
Seurat in 1916, until Waite confirmed it in a paper, which appeared in 1920, 
and established tho fact that it is the earthworms which carry the disease 
over from year to year.* 

Although, as of these two excellent wries of experiments, there remained 

iio doubt that earthworms are an important factor in the transmission of gapes, 
yet throe problems still remained to bo solveil. They are (1) the species of 
earthworm conce.med in the passage of the gjipewonn, (2) tho position in the 
earthworm where the larvo) may be found, and (3) the condition or state of 
development of the larvie in tho earthworm. The writor has conducted 
a series of experiments whicli throw some new light on all these problems. 
The experimonts and results ore described below. 

♦ [lITote addfd in proof, March 9, )933.>^jni9o this paper was pruitod tho writer's 
attention has been drawn to an article on poultry pamsitosis by Cram (' \orth 
Amerioan Veterinarian.’ vol. 9, p. 47, November. 1928) in whirh she mentions tho fact 
of the transmission of gapeworm by earthworms. She says that she has found tho Inrv® 
erioyvtod in the body musclos of the earthworm and tliat further work is being carried 
out. There have, however, been no publioations on tlie siibjcot sinoe then.] 
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Material, 

Two species of earthworms were obtained from ground which was unlikely 
to have been naturally contaminated with gapeworm eggs. iMnJbricuB terrestris 
was obtained from a plot of garden soil. This was watered assiduously through 
many weeks of dry weather until eventually the Lumbricus migrated to the 
sur&ce. Large numbers of Eisenia faetida were recovered from around tiie 
roots of tomato and cucumber plants in a greenhouse. The soil had been 
manured with aitificialB and so no infection could have been introduced by 
that means. 

All these earthworms were maintained in the laboratory in the following 
manner: they were placed in groups of ten in large petri-dishes hlled to the 
top with soil which had been sterilized by stt^aming for an hour. This soil 
was kept very damp. They were covered with a square of butter muslin 
secured with a rubber band. At the end of a week, they were transferred to 
fresh soil, it being estimated that all the garden soil would have been eliminated 
by that time, together with any fn^e eggs or larvm of holminths that might 
have been in the gut. After having been transfernHl to this soil, the infeotive 
eggs of Syngamus were washed into the dish and the earthworms remained 
in contact with this infective soil for at least 14 days before feeding to the 
chickens. Immediately before feeding, the earthworms were washed and 
brushed with a camo] hair brush to remove any particles of soil and auy larvas 
or eggs that might be adhering to the surface. 

A large number of birds infested with gapeworm was made available through 
the co-operation of Mr. A. D. Middleton, of the Bureau of Animal Population, 
Oxford University Museum. My thanks are duo to him for this very con¬ 
siderable help. 

Syngamus trachea was obtained from partridges, pheasants, chickens, and 
rooks and S. merulcB, described by Baylis in 1926, was recovered from the 
blackbird. Certain of the gape worms out of each batch were always identified. 
This identification was considered important owing to the presence of the 
latter species from the blackbird which was found to be transmissible to 
chickens. 

Syngamus trachea eggs were obtained by dissection of adults which had been 
removed from the trachesd of infected birds. They were cultivated in petii- 
diahas on the bench in the laboratory where they reached the infective stage 
in about 19-14 days. They were kept free from bacterial or fungoid in&otions 
by daily aeration and agitation and frequent ohanges of water. 

0 2 
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Tho chickfl wore all incubator hatched, secured as day olds and roared indoors 
in batteries under parosite-firee conditions. 

The Importance of Eisonia foetida. 

From results which will be described below it is obvious that Eisenia/(Btida 
is an extremely important factor in the transmission of gapeworm disease to 
ohickouB. Lumbficus terresirU will also carry tho disease, but infestation with 
gapeworm following the ingestion of Lunbricue terreeifia is less certain and always 
of less severity than that following tho ingestion of Eisenia footida. In this 
oonnootion it is important to bear in mind one charactoristic of Eisenia feUida, 
It is alwa 3 rB found abuiidautly on oontaminuted land and in soil containing 
quantities of decaying organic matter. Hence it cuiu always be found in 
largo numbers on land over which stock is being reared intensively such as 
poultry runs and pig-sties. For this reason it will be a great source of danger 
to young chickens whicli are reared yoar after year on old land. The presence 
of encysted Syugamus larvee seems to have no effect on the vitality of the ejtrth- 
worm and hence they act os cumulative reservoirs of infection. There are 
many dangers which hmai Syngamiis larvee free in the soil—in particular 
there is desiccation. They (iannot withstand complete desiccation for many 
hours (Ortlepp, 1923), but in the tissues of the earthworm they have found a 
sofa environment, where they may accumulate and mature till they roach the 
final host. The entry into an intermediate host always ensures greater possi¬ 
bilities of survival among parasites and servos as a moans of overcoming the 
adverse conditions that arc found outside. 

Experiments. 

The importance of Eisenia faptida in tlio transmission of gapes was suggested 
by an observation made in an Ciirlior series of exporiraonta (Morgan and 
Clapham, 1934). Owing to tlie very dry summer of 19:13. earthworms were 
scarce and Eisenia faiida was the only species obtained in any quantity. As 
excellent resulta were always obtained with it, it was dooidcJ to follow up the 
results. 

Eisenia feeiida and LutrdmcitH terrestris were infected with Hyngamaa trachea 
from various sources and were then fed to chickens. The feedings were con¬ 
ducted in the following manner. Tho chicks were divided into five groups :— 

Group A fed with infected Lfimbrictis ierrestris. 

Group B fed with uninfected Lumbricus (erresirts. 
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Group C fed with infeot(xl Eisenia foBtida. 

Group D fed with unuifected Eisenia fcdida. 

Group B fed with infwitive eggs of Syngamm trachea direct. Tliey were 
the controlH. 

la all cxperimentB chickemi in groups B and D rcmainod completely un¬ 
infected, showing that the earthwornis contained no natural infoctioii. In 
group C (fed artificially infected Eise^iia fcriida) 100% infections with 
gapeworm were the result. Disease was proiluced firom gapeworms obtained 
from the partridge, pheasant, rook, and chicken. Usually the chicks died and 
post-mortem examination of the trachea showed it to be completely blocked 
with gapeworms. In many c»isos tho gap«?worms were so numerous that tho 
bird died before the gapes could inatun\ The number present varied 
from 6 to 61 pairs. About 50% of the chickens wliicl) were fed infected 
Lumbricus terTeslris (group A) l)ocame infested witli the gapeworm, but the 
infestations wore never luMivy enough to cause death. The numbers of pairs 
of gapowonns resulting from these infections never exceeded 8, In group E, 
fed 200 infective eggs of E, irachm direct, less than 25% of the chickens 
became positive. Usually the number of gapeworms recovered was cither 
1 or 2, but on one occasion 6 pairs were obtained. 

Invobtigationa arc now being made as to the importance of Eisenia festida 
in thii transmission of Syngafnns trachea from starlings, this is said to be 
a distinct strain and not easily transmissible to chickens. 

The details of those experiments are shown in Tables 1-lV. 

Using Eismia fetida, the writer was able to transmit Syngamus merulce 
from blackbirds successfully to chickens, thus showing that this species may 
also bo a source of danger to poultry. (Tabic V.) 

From these experimental results wo can obtain the answer to our first 
problem—that of the species involved in the transmission of gapes. Eisenia 
festida is oortoinly very important in this respect. LunAricas terresiris^ though 
a potontial mtermediat<i host, is less important. 

Our other two problems were Bolve<l by dissection of tho earthworm. 

Examination of the AriifkiaUy Infected Earthworm for Larvw of Syngamus 

trachea. 

Speoimons of Eisenia fedida which had been artificially infootod with larva) 
of Syngamus trachea were killed by drowning. A median longitudinal incision 
was made donaliy and the gut lifted out whole. The gut and body wall were 
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Table I.—Experiment using tnuJm from the Partridge. 


MftteriKl AnI, 

No. of 
chicks 
used. 

Age of 
cucks 
in days. 

Numbers. 

Dose. 

No. of 
poattive 
in&otioiis. 

No. of pain 
of gapes at 
aniopiy. 

Qioup A. 

Infeotod L. Urreatru 

8 

4 

2-9 

3 

earthworms 


No. 2-^ 

„ 3—3 
„ 4-6 
., 5—0 

M fl—0 
„ 7-4 

M «-0 

9-0 

Gboup B. 

Unlnfooterl L. lemMris 

8 


10-17 

3 

earthworm M 


0 

Omow C. 

Infected E, Jfdida 

\ 

\ 

1 

8 

4 

1 

18-25 

i 

n 

earthworms 

8 

No. 18 61 
ia-31 
„ 20-ie 
„ 21 -28 

M *2-10 

„ 23 32 
.. 24-26 
.. 23-18 

Oboup D. 

Unlnleoled K, Jatida 

8 

4 

26-33 

3 

earthworniH 

n 

0 

Oboup B. 

Infective eggs in water 

8 

•1 

1 

! 

34-41 

1 

1 

1 

200 

eggs of 
SyngaihMS 
trachea 

2 

No. 34 0 
36-0 
38-0 
.. 87-2 
38--0 
t) 38—8 
., 40-0 
» 41-0 


All the chicks died m Group (\ 


out into Binull portions of u convenient size and examined by press preparations 
in Ringer's solution. The gut was examined with particular care as Walker 
claimed to have found Syngamus larvee behind the gizzard. The present 
writer was, however, unable to find any gapeworm larv» in any portion of the 
gut. Larvse were, however, obtained from the body wall. Fig. 2, A, Plate 2, 
shows the larva cnc.ysted in the body wall and fig. 2, B, after removal. The bulk 
of them wore found in the middle region of the earthworm, but specimens were 
recovered from along the whole length both dorsally and ventrally. They 
occniied deeply embedded in the tnusolea. in a thin hyaline cyst. When they 
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Table II.—Experiment using Syngamtia traehea firom Pheasants. 


fed. 

No. of 
ohicikii 
and. 

Age of 
rhiokfi 
ill du>y((. 

Numbern. 

Done. 

No. of 
positive 
infeotiooH. 

No. of pain 
of gapw at 
autopsy. 

Obouy a. 

lofeoted L, temdris 

7 

5 

4-10 

3 

oarthwormf) 

4 

No. 4 0 
n 5-—ft 
fl- -1 

M 7-4) 

M 8- 0 

»—3 
„ 10- O 

Qboup B. 

Uninfectfxi L. terrutrU 

7 

r» 

11-17 

3 

earthwomu* 

0 


(Jbouf G. 
lofoot^d JS.foBtUla 

1 7 

1 

1 

1 

1 

i_! 

.'i 

1 

IK 24 

i 

1 

4 

uirthwarnm 

7 

1 

No. ia-11 
19-16 

M 20--25 

ft 21—6 

„ 2^13 
„ 23--28 
.. 2A-26 

Gboup D. 

UmnfeotfHl K,faiida 

1 

1 

7 

' 1 

A I 

1 

1 

2A-31 

____1 

5 

Mirthworma 

0 

i « 

I 

Uaoup E. 1 

Infeotivi^ egK« in wsUt 

i 

1 

6 1 

1 

1 

! 

1 

1 

1 1 

1 

i 

1 

1 

_ 

32-37 

200 

iiifci'tivo 
eggB of 
tS. trachea 

1 

No. 32-0 
n 33-1 
» 34-0 
» 35-0 
.. 36-0 

j M 37^ 


Noft. 23, 24 died of the dueaw. All the othon in Qroup gaped bailly. 


wore dissected out from these cysts in Ringer's solution, they showed con¬ 
siderable activity. From their anatomical Htructure, they could be n^gnizod 
as third stage Jarvoi of Syngamus trachea. The characteristic feature is the 
shape of the buccal rods, a drawing of which is given, fig. 1, as previously no 
adequate ropnisentation of them has appeared. They had not developed 
appreciably from the stage seen in the infective egg. They were, however, 
cx-Hheathed. As, however, other nematodes are known to encyst in earth¬ 
worms, one of which, RhcMilis pellio, closely resembles Syngamus trachea, 
this morphological similarity was not considered sufficient for identification. 
Therefore 53 cysts, believed to be Syngamus larvoo, were isolated and fed to a 
chicken: 17 days later the chick died and showed IG pairs of gapoworm in 
the trachea. This is definite proof of the identity of these larv». 
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Other BpocimeuB of EiseniaJaiida whioli had not boon infected with Syngamua 
larva) were also difieected, but no struotures resembling these cjrsts were found 
in the infected oarthworma. Wo have therefore three proofs of the identity 
of these cysts, (a) their absence in non-infected earthworms, {b] the atnioture of 
the buccal rods of the contained embryos, and (c) the production of gapeworm 
after feeding to chickens. 


Table III.—Experiment using Syngnm'iis trachea from Rooks. 


Matfirial fed. 

No. of 

1 cbieka 

1 iisn]. 

' Age of 

1 rbicka 

1 in dayn. 

1 

1 Numiiera. 

1 

' 1 

1 1 

Oo«e. 

! ! 

1 

Gboup a, 
lofocted L. 

4 

1 

1 

la 

i 

! 

1 

' 1 

1 

2 1 
earthwomiB . 

Gsour 11. 

TTninfiflrfl f,. irrndTXB 

4 

[ 

1 

i * 

' 7-10 1 

1 1 

•1 

CArthworma 

Gbodp 

Tnfw'twl /oifrfM 

1 

■* i 

1 

1 13 

1 

1 

1 '»-« i 

, 1 

! 1 

1 

ctirtliwoPina * 

t 

Qboup D. ' 

XJninfertwl K.fadida \ 

1 

i + 

1 

13 

! 1 

i 15-lA ' 

1 

.1_ 

4 ' 

CArthworma , 

Gboup R. 

Infective eggn lu water 

1 

i ^ 

i 

1 

13 

1 : 

10-22 , 

1 ‘ 

1 

■ 1 

1 

m 

oggaof 

S. tnU'htQ 


\o. of No. of ptiri 
poflitiro of gapei at 
I inA'ctionn. autopay. 


\ 

1 

! - 

No. a-G 

.. 

„ 6-4 

.s 6-0 

0 

a 

4 

No. 11—IH 

M 12-7 
.. 13-2 
•( 3—3 

' 0 

0 

'i ' 

1 

Xo. 10-0 
20-1 
.. 21-0 
22—0 


Other Nematodes Eticysted in Earihvof^m. 

Couaidemble care waa necessary when dissefting thase cacthwornu as 
several species of nematodes are known to encyst in the owlom and muscles 
of various earthworms. Species of at least six genera have boon recovered; 
they an Dril/onma trendesmnum (Pierantoni, 1916), FientUoma nuom- 
cephahm (Pierantoni, 1916), Pharyngonma mderngianw (Pierantoni, 1928), 
DMufiaria (Wiilker, 1926), Ungelta geota (Cobb, 1928), and WuAdiUa jiMo 
(Johnson, 1913 j Otter, 1933). Of those, the first five are unimportant in 
this series of observations. Most of them ate rare, occur as adults and all are 
easily recognisable. They uouid not be confused with Syngamut trachea. 
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Table IV.—Experiment using Syngamus traehea from Chiokens. 


Material fed. 

No. of 
chloka 
used. 

Age of 
ohioka 
iu tlaya. 

Numben. 

Dose. 

! No. of 

1 positire 

1 imeotioDB. 

i 

No. of pain 
of gapeeat 
autopey. 

Gboup a. 

Infected L, ferreafru 

:) 


1-3 

earthworms 

1 

1 

1 

No. 1—2 
» 2-0 
3-0 

Gaoup B. 

Uoinfooted L, UrttaLrU . 

•* 

11 

" 

4-0 

earthworuiH 

0 

I 

0 

Oboup (J. 

Xofcf ted S, faiida 

3 

11 

7-9 

3 

earthworms 

3 

No. 7-4 

M 8-10 

» fl-8 

Obopf T). 

XJninfootod S. faiida 

J 

II 

10-12 

earth wornui 

0 

0 

Gboup £. 

rnfoctive oggH in water . , 

3 

11 

1 1 

13-15 

; 

200 

infective 
eggs of 
a, traeheu 

1 

1 

No. 13—0 
ss li-l 

Table V.—Experiment with S. mrulcB from the Blackbird. 


Material fed. 

No. of 
chicka 
UHCd. 

Ago of 
chicks 
in days. 

Nunn bora. 

Done 

No. of 
positive 

1 mfeotioDS. 

1 

No. of pair* 
of gi^at 
auto^. 

Gboup C. 

Infected £./cB<tda . 


7 

3-ri 

1 

earth w'orm 


No. 3-^ 

II ^— 2 
.1 0-1 

Oboup D. 

Uninfected S, faiida 

,3 

7 

fi-H 

. 

1 

earthworm 

. 

0 

Group £. 

[nfeotive oggH in water 

o 

7 

0-13 

100 

egg* of 

S. ntenUir 

0 

0 


DnUmma can be distinguished bj its short oesophagus and blunt toil of 
relatively great length. Furthermore, it occurs free in the coelom of the earth¬ 
worm. PierafOoma is characterised by the fact that the oesophagus is non- 
muscular and is not distinct from the intestine. The two sexes are found in 
copida. This also occurs in the ccelomic cavity. Pharyngonma, which is 
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another genus found free in the coelom, is distinguished by its swollen neck 
r^on while Diodia only occurs in the sperm sacs. In any case it oanies a 
lateral sucker on the tail quite unlike any other nematode. Ungdla. which 
closely resembles and may indeed be identical with Syfhaenema (Bajdis and 
Daubncy, 1926), may occur in the muscles, but this would be easily recognised 
by the mouth cavity, which is overhung by a pair of cunous curved hooks. 



iatio buccal rcxU. A : lufcciivo larva, just hatched from egg. The larva is aheathed. 
H ; Infective larva, diHHevU'fi from muHclca of earthworm, Eitmia /astidd. The larva 
ifl ox-Rhe^thod. C : Larva of Rhahditis peUio, rocoverc*d from the earthworm. Anterior 
end Mhowing typical rhabditifurm buccal rodm. 

RhabdilU jmUiOf however, occurs as a larva in the earthworm where it often 
encysts among the muscles. It boars some resemblance to the Syngamns 
larva and high magnification is necessary befon^ identification can bo made 
with certainty. It. however, usually congregates at the posterior end of the 
body and encysts in wolhdoveloped brown cysts, quite distinct in appearance 
from the thin transparent ones of the Syugamus larva. Two other difieronoes 
occur internally in the larva itself. In the second oesophageal bulb in 
B, fdUo there is present the cuticulur masticatory apparatus characteristic of 
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the gennB Rhabdilis, This is absent in the Syngamus larva. Then, too, the 
buccal rods are of the typical Rhabditia shape and appearance and quite 
different firom those in Syngamus. Free Hpecimens are oftcm found when 
B ^lring Syngamus larvaei but they can readily be distinguished, not only by 
the morphological characters, but also by the fact that they are very active. 
In Eisenia /(Biida, however, Bhubditis pelUo is rare (Otter, 1933). 

Infi^ion of Older Chickens wiUi Syngamus trachea. 

It is generally stated in tho literature that infection with Syngamus trachea 
can only be established in very young chickens. They are suBcoptible to the 
worm after hatching, but they gradually develop a resistanCiO which is complete 
by the time they are 6 weeks old. But there have appeared from time to 
time accounts of older chickens harbouring one or more pairs of worms. 
Waite (1930) believes that he transmitted gapeworms to yearling hens using 
a large number (150) of iiifrctcvl earthworms. Fifteen days later, two out of 
tliree hens had gapeworrn. He says. ** worms could be distinctly seen in the 
trachea of two of them by looking down their throats in good light. Two 
weeks later these worms had disappe^ired. The hens were killed July 20 and 
examined, but no signs of gajx;worms w^ere found.’' It would have been more 
conclusive if he had post-mortemed the hens when ho believed they were 
harbouring the 83 mgamus or at any rate examined the droppings for eggs. 

Morgan, however (1931), nx^ords an undoubted case of gapowonn infection 
in a yearling hen. At post-mortem examination 12 pairs of gapeworms were 
found in the lower half of the trachea. 

Old chickens rendered susceptible by means of dietary deficiency. 

It is, how'^ever, extremely rare to find old chickens infected and very difficult 
to bring about experimental infections, and the following experiment is of 
interest;— 

Twelve chickens were used. At the agci of 10 weeks they were divided into 
three groups and fed as follows:— 

Oroup A was fed a diet in which vitamin A was completely lacking. It 
consisted of a balanced mixture of steamed casein, tapioca meal, white 
maize, salt, limestone gnt, oyster shell, and olive oil. 

Group B was fed a diet very low in minerals, particularly calcium. This 
consisted of yellow maize, white maize, tapioca meal, cod liver oil, salt, 
and cooked lean meat. 

Oroup C was fed a normal nourishing diet, adequate in all respects. 



28 


P. A. Clapham. 

After being on these experimental diets for 3 weeks, groups A and B showed 
obvious signs of deficiency. All the chicks were then given four Eisenia fodtida 
which had been infected with Syngatnus tmokoa. After 16 days one bird in 
group B showed the sniffle and twitching of the head characteristic of gapoworm 
disease. Ffisces examinations were made and in groups A and B Syngamus 
eggs were demonstrated- All the birds were therefore killed. Post-mortem 
examination showed that three birds in both groups A and B were infected 
with Syngamus tmcJvea, In each group one bin! was free. No gajwiwonns 
wore found in the controls, group C. 

Fig, 3, Plate 2, is a photograph of the infccteil trachcMP and also three of 
the control tracheie which, however, bIioav only the normal healthy appearance. 

The numbers of gapeworms recovered won‘: Group A, 3, 6, 2; group B, 
4, 1, 2 ; group C, 0. 

A similar experiment had been (tarried out some months ago before the 
writer realized the importance of Eisenia feetida in the transmission of gape- 
worm. She was able to infect one three-months-old cockerel on vitamin A 
deficient diet witli a single pair of gapewoniLs using the direct method of feeding 
with infective S 3 nngamu 8 eggs. 

It would seem from those results, that using Eismia foptida as intermediate 
host, it is possible to induce infection with gapewonus in older chickens which 
are undernourished. 
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Sumfmry, 

(1) Eisenia feeiida, an earthworm commonly found in contaminated soil, is 
shown to be the important intermediate host of Syngamus trachea, the common 
gapeworm of birds. 
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(2) '£A$niripu$ UffMris $iao acta aa intermediate host but is less important. 

(3) TJaiag .‘AMsniei f<stidat ohiokena have been infected with Syf%gafnug 
tracMm oriynating from pheasants, partridges, rooks, and ohiokens. 

(4) Sytijgaimu tnemla also has been taanamitted to ohiokens via Sisenia 

(5) Th& third stage larva of SyngamtM tfoohea encysts in the mosoles of the 
body wall of these earthworms and may remain dormant there until taken in 

a chicken or other suitable iiost, when they hatch and may develop into 
gapeworms. 

(6) No farther development of the Syngamus larva oeouis in the earthworm. 
They remain as third stage Iotvsb, but they have lost their sheaths. 

(7) They are unlikely to be confused with any other nematodes which have 
been found in the earthworm, except RhabdUis peUio, 

(8) The larvsB of Syngatnwt trachea in the earthworm can be differentiated 
from those of Rhabditis peUio by the charaoteristio shaped buooal rods and the 
absence of any outicular valved apparatus in the oesophageal bulb. 
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Metachronal Rhythm and OtU Movements of the NymjA of CSmiub 
horaria (Ephemeroptera) in Rdatiion to Water Flew. 

Bj L. E. B. Basthaii, M.A., M.So., The Department of Zoology, the Univenity 

of Sheffield. 

(Communicated by J. Gray, F.B.8.—Beouved Januaiy 19, 19S4.) 
/ntfoduofton. 

The gilla of some Ephemerid nymphs oie always motionless, e.g., many 
Baetine forms of English streams. In many others, however, the gills move 
rapidly in metachronal rhythm, by virtue of which currents are created in the 
water. These currents are peculiar to the species and probably have an 
adaptational signifioanoe. In many forms already under investigation, e.y., 
Chlom dipterum, SijMimu sp. Ecdyonunu venoms, Bphanerdta sp. LepUh 
phUbia marginata and Ephemera valgata, a common feature is noticeable. 
This is that in their rhythmical movements both members of each pair of gills 
beat together, ».e., and their movements are oo-phasedly synchronised, ffinoe, 
therefore, the effect of the gills on one side of the body is eaactly duplicated 
on the other, whatever may be the precise mechanism for the produotion of 
currents, the latter are symmetiical with the longitudinal axis of the body 
(Eastham, 1932). 

An intereeting exception is the nymph of Caema horaria. In this animal 
the currents pass over the body from one side to the other. The gills beat in 
metachronal rhythm down each side of the body, bat though the rhythms are 
B 3 rnohrcHioua there is a time phase difference between them. In other words, 
nmnbers of a pair are not oo-phasedly synchronised in movement. We have 
thus in Caenia horaria a bi-laterally symmetrioal animal producing movements 
in the sorrounding medium which ore not of the nature of an axial flow. It 
is with this phenomenon that this paper deals. 


Methoda. 

The currents produced in water by the movement of the gill* ate easQy 
determined by observing fine particles in suspension. SuspensioDs of fine mu d 
serve quite well foe this purpose as also do oultures of Ciliate Ftotoaoa. The 
latter have an advantage over non-living suspeosioossinoe they do not oometo 
rest. Ordinary miorosoopio methods served for observing onnents. Meta- 
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ohional moTemmts of the gilln in relation to the latter were examined bj meane 
of a stroboBoope. This instnunent, fashioned on the lines desoribed by Gray 
(1930), oonsista of a perforated disc rotated by an eleotiio motor the speed of 
which is regulated by a variable resistance. An electric light is mounted 
behind the disc and the whole is enclosed in a wooden box firmly screwed to 
the bench. 

The gills lie flat over the back of the animal so making observation in dorsal 
view by transmitted light almost impossible. Direct illumination from the 
stroboscope in a dark room gave better resuHs, though still more satisfactory 
views were obtained by observing the animals in side view by transmitted 
light. For this purpose the nymphs were fixed on their sides between small 
glass plates. Fine entomological pins, inserted through the wing covers 
and bent at appropriate angles served well for holding the nymphs under 
observation in different attitudes. In this way a olear picture was obtained 
of all aq>ects of the gills in slow motion. The gills are easily detached from the 
body and thus various combinations of gills in action could be observed after 
removal of the others. Comparison was then possible with the effects pro¬ 
duced by the complete set of gills. To avoid the possible ill-effects associated 
with mutUatioh a fine needle was also emplo]red to hold certain giUs motion¬ 
less while observations were made on the remainder which were ficee to 
move. 

The frequency of giU oscillation was measured by means of a speedometer 
fixed to the motor spindle. The speed of the stroboscope disc (the frequency 
of illumination) was then adjusted until the gills appeared to be motionless, 
frequency of oscillation and of illumination being then identical. 

To observe the gills in slow motion the motor was speeded up to a rate 
beymul that of the oscillating gills. It was then gradually slowed down until 
the gills appeared to be perfectly stilL A further slight reduction in the 
frequency of illumination then gave a olear slow-motion picture of the gills, 
their apparent direction of motion under these conditions being the same as 
thrir aotoal motion. 

With the stroboscope operating under these conditions it often happens that 
the frequency of oscillation flails below the li^ frequenoy. The gills than 
appear to be rising when th^ ate actually falling and vim vtna. Unless 
this is teoognixed tiie observer runs the risk of jumping to strange oontinsiona 
as to the mechanism involved in current production. Bvery care was taken 
in this work to avoid the jntfidls coinoident with the phenomenon of strobo- 
soopio reversal (Gray, 1980). 
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TheOiUa. 

The nymph of Caenia posaeeses edx pairs of gpUa on the first six segments.^^ 
the abdomen. The first pair are slender, immobile, tactile prooesses attached 
to the postero-lateral angles of the first segment. The second pair siinilarlj 
attached to the next segment have the form of sub-qaadrangular plates 
resembling the elytra of certain adult insects. I shall refer to these as the 



Fio. 1.—The nymph of Catnit honria to show the current passing under the paoudu- 
elytra from one side of tho body to the other. The first pair of gills are leprosMited 
as a setose jmeess projecting at each side. 

pseudo-elytra. When at rest they overlap slightly in the middle line of the 
body and extend posteriorly so as to cover the gills of the next suooeeding four 
abdominal segments. They can be raised to a stationary position at an an^e 
of about 30° to 40° mth the body surface wltile the remaining four pairs of 
gills oscillate beneath them. The pseudo-elytra never oscillate, and doubdees 
their main function is protective and to a lesser extent respiratory. 

The four pairs of gills behind them, which in this paper will be referred to as 
Nos. 1, 2. 3, and 4, are similar to each other except in sise, fig. 2. Bach con¬ 
sists of a somewhat semioiicular plate slightly concave below and convex 
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above, ead artioalated to the posterior an^ of its segment by a narrow stalky 
Ibe gill, fig. 3, when at rest lies nearly flat on the body with its'stxai^ter 
border towards the front. Each overlaps the next one behind it. Passing 
thioii^ the gill-plate is a rich system of branohing traohen, the fine ends of 
which pass into numerous fine filaments with which the giU is fringed. The 
distal mAT gin^l filaments on the gill are longest. The proximal ones are short 
and a «™]1 part of the proximal anterior border is firingeless. Except for the 
shortest proximal ones the marginal filmuents are branched—^the longer the 



Fio. 2.—Dorsal riew of the Ist nsoillating gill (morphologioal aid) of the right side. Note 
the bmnohes of the maiglnal filaments. 

fikment the more branched is it. Such branches invariably pass ventrally 
to neighbouring main filaments in regular arrangement as shown in fig. a. 

The memben of pair of gills are noimaUy oqual in sisa, but any gill is 
gnatar tb^ the one next behind it. This difietenoe of sise is of suoh an oider 
that the posteriot marginal filaments of one giU extend nearly as far baok as 
do those of the one next behind it. In the recting poettioa the distal bordna 
ef a pair of gills neariy meet in the middle line, the marginal firings of one ot«> 
lapphiH that of th^ Otbsr. Each gill of the ri^t aids overlaps its fisUevr of the 
other at a paitionbr moment. At other tunea the r e v e tm oooditim appliei. 
An Individ^ oan and doss shange the amafemaot of iiam t^ rsf g is t . 
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IValer Currents oaused by Ike OUU, 

Tbt main ouzrtnt u obecrTed to outer the space beaea^ the peeudo-dytn 
at one side and pass out at the other, fig. 1. The direction of this lateral flow 
may be from either side to the other. If the psendo-eljrtra be removed no 
apfmciable difference in the oiirrent is observed, either in direction or stmigtb. 

Small eddies from the sides of the thorax 
pass backwards and join the main trans¬ 
verse flow. A current, so weak as at most 
times to escape detection, passes from before 
backwards along the distal edges of the 
gills. This probably occurs when the 
pseudo-elytra are present, but owing to the 
opacity of these organs this cannot be 
determined. It may, I think, be safely 
assumed that the pseudo-elytra are not 
concerned witli any directional effect on 
the ounent. 

The flow of water is not continuous but 

pulsating, the pulsations coinciding with 

the gin oscillations. In thia pulsating 

flow each thiust in the main direction is 

preceded by a shorter and less pronounced 

movement in the opposite direction. An 

individnal can reverse its current. He- 

r« 1 pnjoeded by a 

Fio, S.—View oflourpaiisotgillB St lest ^ 

•ftar iwioval of the i-eudo^lyt». momentsiy donng wbiohtha gilb 

Ihe flUnunti of tbow of tiio loft an leananged in a mannet to which I 
■Ida only an abown in Toy limpli- ahail nfar later. 

From tune to time the nymphs of Caema 
swim by means of alow undulations of the abdomen. During pcogtasa 
the gills are commonly in motion. The eflect of the oscillating gills 
on Ibe water is the some as when the animal is stationary. Instead, 
however, of moving the water over its body the body is made to roU 
over sideways in a dirsetioa opposite td that in which the water ie made 
to move. Thus in additim to the forward propulsion of the animal pfroduoed 
by sUominal undulations there is a body spin imparted by the oadl* 
latinggills. That thie is due to the gUls can be r eadi ly shown by ^wir removal, 
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when the animal swims donal side up. The spin imparted to the body described 
above is of some advantage to the animaL As Caenis swims upwards it finds 
itself with its feet uppermost and within reach of the surface film. To the 
latter it clings with its claws and hanging therefrom, it proceeds for some 
time to pass the clear surface water over its gills. Thus by means of a strange 
acrobatic feat the animal can at any time and for an indefinite period explore 
the more oxygenated water of its environment. 


Gill MovetnePil. 

When the pseudo^elyiza are raised, the four pairs of gills behind and beneath 
them begin to oscillate. There is some slight variation in the speed of move- 
ment. Readings taken on a number of individuals gave an average of 8*5 
oscillations per second. At times the rate falls to about 7 per second and in 
individuals becoming exhausted through removal of some of their gills it may 
fall BO low as to make stroboscopic vision impossible (Gray, 1930). Removal 
of the pseudo^elytra is necessary' before the gill movement can be properly 
seen. From the resting position each gill is raised on its stalk to an angle of 
about 40° with the body surface. In rising, the marginal filaments lag behind 
the gill plate so increasiiig the concavity of the undersuifaoe. At the same 
tima the branches of the longer filaments lag behind the latter so as to lie 
directly beneath and in line with them, fig. 4. On the return stroke a distinct 
thrust is noticeable. The flexed filaments straighten out and their branches 
return to their normal position, t.e., so as to cross obliquely under the main 
filaments adjacent to them, fig. 4. 

In addition to the rise and fall in periodic morion as here described, each gill 
pivots on its stalk in both up and down movements. The pivoting causes 
(i) the gill to face to one aide in the upstroke and to the other in the down- 
stroke ; (ii) the gill to traverse an elliptical path in its upward and downward 
movement, figs. 6 and 9. 

Thus with flow from right to left the underside of each gill turns to rite right 
in its upward beat and to the left in its downward beat. With such a ourront 
each gill passes upwards to the right-hand side of its vertical axis of motion 
and downwards to the left-hand side of it, fig. 6 a. 

With a current in the opposite direction the underside of the gill fiices left 
on itB upward and right cm Hs downward beat. On rising, each gill moves in 
a half ^pee to the left of its vertical axis of motion and in &Iling oompletea 
ita elliptical path by passing to the right of this axis, figs. 6 and 6b. That 
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thoio ph6(iLOiD6iia have an important afioot in dotarnuning tha dizaotion of jQow 
will aaaily ba laaUcad. 

Mataohronal rhjtlun in the movamant of tha is avidant aa soon at tha 
paando-alTtra are zamoved. Only by means of tha strobosoopa, horwarar, 
can such details as tha phase difiarenoa between adjacent gills ba detenninad. 
Since the gills overlap each other from before backwards, a view from the aide 
or from tha middle line of tha body is most convenient for seeing tha rhythm 






A. B. 

Kio. 4.—Doxul view of » portion of the maiginai fringe of gill ihown in fig. I, A, in the 
poaithm assnmed during the e&otive downitroke; B, in the upattoka attitude. 
Beneath each figure ii ahown the arrangement of fllamenta aa aeen in iranaverae 
aeoiion acioes Uie fHnge along the line drawn aaroaa. 


along a longitudinal series of gills. The phase difierenoe between two adjacent 
gills is then seen to be one-third of a complete oscillation. Further, any gill 
has a leading phase relation to tiie one next behind it. Thus tiie first gill 
performs one-third of a complete oscillation, t.e., passes through two-thirds of 
its upward stroke before the seoond gill of its own side begins its upward 
stroke. It follows from this that the rhythm is from before backwards and 
that the first and fourth gills of the same side are in the same phase of movement 
The latter fact can be easily verified by watching the first and fourth gills 
alter Nos. 2 and 3 have been removed. The above order of phase difference 
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between the gills in motion is not absolute. Certain individuals had a rhythm 
in which the phase difierenoe between gills in motion was suoh as to put the 
first and fourth out of phase with each other. Buoh variations are, however, of. 
little moment. No form was found to have any but an antero-posterior 
rhythm. It is worthy of note that in all Arthropods examined by Gannon 
(lfi28), the rhythm of their limb movement was in the opposite direction. 

The above facts were obtained first by using animals with all the gills intact, 
and later they were verified on animals from which the gills of one side had 
been removed, fiy this means a single row of gills could be observed from 
both lateral and median aspects of the body. 

Though the gill movements ore synchronous throughout, there is clearly a 
time phase difference between the rhythms passing along the two lateral rows 
of gills. The members of pairs are not co-phasedly synchronised in movement. 
Between members of pairs the phase difference is one-thizd of a complete 
oscillation, i.e., a difference of the same order as that which exists between 
adjacent gills in a longitudinal series, fig. 5. 

In addition, therefore, to the metachronal rhythm along the gills down each 
side of the body there is a second rhythm passing transversely over each of 
the four gill-bearing segments involving in each segment two elements, the 
members of a pair. 

The transverse rhythm is reversible. At one time the left gill of each pair 
may have a leading phase relation to its fellow of the opposite side. In suoh 
animals it is found that each left gill underlies by its filaments the right gill of 
its own segment in the middle line of the body. Such an arrangement is 
invariably accompanied by a flow firom the left side of the body to the right, 
fig. B. At another time the right gill of each pair underlies, and has a leading 
phase relation to, its fellow of the left side. With this snsngemsnt the current 
produced passes from ri^t to left. It has been obeeitved that the gills come 
to rest momentarily at intervals of from 30 to 60 seconds and a change in 
direction of flow often follows. Reversal in the transveree rhythm as desoiibed 
above does not involve a change in the axial rhythms themselves. The relation 
of one axial rhythm to the other alone is changed. 

Since it is easy with the stroboscope to obtain an impression of apparent 
reversal of rhythm which is not real, it ought to be pointed out that every 
preoaution was taken to avoid this error. When a view of the gills “in reverse “ 
is obtained one sees a gill appearing to move down while in the attitude actually 
afttumH by the gill in its upstroke. It has been pointed out that on tha 
actual npatxoke tiie filaments lag behind tite giU plate wbaieae on the down* 



B. 

6- — wtPipH fl ftd diAgnm of the gllli in motion aa seen ftom above whwt jmduoing 
a onmnt from left to right. The airowa at the aldea Indicate the partloular movementa 
bring performed by the glUa next to them. Note that ri)^t and left terice aw out of 
phaae with each other and that each right-hand gil] overlapa ita fellow of the left 
aide by raeana of its fllamenta. B, diagram of a Utcral view of the gilla ahown in 
9g. A. In pndoeing the flow from left to right eaob gUI tnraa ita lower anjfooa 
to the left in rWng (aee left gilla 1 and 4) and to the ri^t in falling (aee loft giUS). 

.fikmeati will be outetretohed and on the apparent downnttoke they will be 
flexed dowuwuilt. Also under such oonditiona, since the gill* appeal to be 
llMTing op when th^ an'aotually moving down the phase relations between 
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adjacont gills will appear to be revezaed. GKU movement U under nervous 
control and the rate of oeoillation xnaj change while observaticmB are being 
made. Thus if tlie frequency of illumination baa been fixod to give a alow 
motion picture of actual movement, a alight lowering in the rate of gill oscil¬ 
lation may produce a picture of the gilk in stroboscopically reversed movement 
and with reversed rhythm. A lower frequency of illumination will remedy 
this, provided that the efEect of “ flicker does not necessitate too great a 
redni'tion in the intensity of light (Gray, 1930). 


Tke Form of the OiU in Bdation to Flow, 

Before considering the phenomena of metochroual rhythm in relation to 
flow let us first discuss the possible mechanism whereby the gills cause their 
local flow. 

An important oharaoteristic of the gill is its marginal fringe. This I consider 
forms a bounding surface liable to prevent wasteful eddies. It is well known 
that a wall, topped with stifl grass, will, to a person sitting behind it, afford 
more shelter than one without such a fringe. Tins is because the grass can 
away with the stream line of the wind, and the eddies which would otherwise 
be set up on the leeward side of the wall are largely diminished.* The gill 
fringe will act sijnilarly in preventing eddies round the gill border. That it 
does so may be inferred from the weakness of the uzial current which posses 
backwards along the gill edges (p. 34). 

A second function may be attributed to the gill fringe—a function 
depending on the difference in its behaviour in up and dowustrokes. The 
marginal fringe is so thick and the spaces between them bo small as to 
offer considerable resistance to water flow lietween them. When the 
filament branches lie across their neighbours a close meshwork in formed 
round the gill plate which is probably for all ordinary purposes impervious 
to water. It is when the gill is in tins position, fig. 4A, that it makes its 
effective beat downwards, thrusting the water firom the inter-gill space be¬ 
tween the falling giU and the one next behind it. On the upstroke, however, 
the filaments become flexed and their branches lagging behind, take up a 
posilion beneath and in Ime with the main filaments to which they belong, 
fig, 4B. Thus in the upstroke when the inter-gill space (between the rising gill 
and the cme next behind it) is filling with wategr> there may be expected an 
inflow between the fllaments from above. Fig. 4 represents diagnunmatioally 
•aiface and sectional views of the filamentar region in up and downstiokes. 
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Each gill tharafore has a form which, like the feathers on a bird’s wing, makes 
an impervious vane on the effective beat and a pervious vane on recoverj. 
The difEerent resistanoe of water offered to the gill in the two halves of a com¬ 
plete oscillation is accentuated by the curvature of the gill plate itself. In 
rising the upper convex surfoce will allow water to slide over it easily as air 
does over the bird’s wing in its upstroke. On falling, however, the conoave 
surface meets the water and the resistance is encountered. This is 

the effective stroke thrusting the water away. 

In connection with the above, the following measurements are of some 
interest. The distances between neighbouring filaments of a gill under the 
conditions of upward and downward movement were measured. The spaces 
between adjacent ffiaments during the upstroke vary from 0*013 mm. proxi- 
mally to 0*03 mm. distally. The distance apart of the filament branches 
forming the mesh work during the downstroke is about 0*007 mm. 


Q%U Mowmenl in Bdatim to Flow. 

Since both axial and transverse rhythms exist the effects of both should be 
apparent, yet the transverse flow predominates. Even when the gills of one 
side only are present the flow is still to the side. Wo are justified, therefore, 
in concluding that whatever be the causes of transverse flow, the transverse 
rhythm is not the only factor. An analysis of the action of a single gill is 
obviously called for. 

It was at first thought that the clue to the situation lay in the foot tiiat the 
gill possessed a fringe of filaments of varying length along its border. The 
parts where the fringe is longest might be regarded as places where the viscous 
resistance to water flow is greater than the places where the fringe is shorter. 
On this theory a flow with a unidirectional component from the middle line of 
the body (longest fringe region) to the side (short fringe region) might be 
expected. To test this idea the delicate operation of cutting away the fringe 
from all the gills was performed and no difference in direction of flow was 
notioed. The flow was, of course, weaker, the effective area of each gill having 
been reduced by the operation. It follows from this that the fringe is not 
responsible in any marked fashion for the side flow in the manner suggested. 

I have already referred to the fact that in addition to periodic up and down 
motion the giU executes a pivoting movement. Let us consider the gill as 
a flat plate oscillating in the manner described, and in relation to a lateral 
flow caused therdi> 7 . In fig. 6 the line XY represents the axis of water flow 
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in Ae dizeotion of the arrowa, and the dotted ellipae, the path traveised hy the 
gilL The attdtodea of the gill in diSeient parta of its path are indicated by 
the finu lines. 

It is clear that the gill ia moving at an angle with its own path of motion. 
Further, this angle varies as the gill performa a complete oscillation. 6 ia the 
angle between the gill surface and the vertical axis of motion, this being at 
right angles to the axis of flow. This angle is least when the gill is crossing the 
axis of flow and greatest when it is farthest away from it. 

Such a set of dromnatances are comparable with those described in the 
movements of fish by Qray (1933, a, b. and o). The gill of Caenis ia related in 
its vertical movement to the axis of flow (across the body) in the same way as 
the tail of a iish ia related to ita own longitudinal axis of motion. Gray lias 
shown that the net effect of moving a segment of the fish’s body through the 
water at an angle to its own direction of motion is to impress on the body two 
forces, tangential and normal, the resultant of which represents the net pro¬ 
pulsive thrust which drives the body against the lesistcuice of the water. 

With Caetiis the animal is stationary and the forces generated are expended 
in producing a flow of water across the body. According to Gray, as the angle 
0 decreases, the thrust effected on the water increases and vice versa. In other 
words, the greatest thrust is effected when the body segment of the fish crosses 
its longitudinal axis of motion. The greater efficiency of propulsion at this 
point also depends on the greater velocity of the body at the time when the 
longitudinal axis is being crossed. That the velocity of the gill varies in a 
■iinilar manner 1 have observed, though only the employment of cinemato¬ 
graphic methods would enable me to analyse it quantitatively. We thus have 
an interesting parallel in the forces involved in fish body movement and in insect 
gill movement. Both are operating on the screw ” principle (Gray, 1933, a, 
b, o) the fish performing a figure of eight, the gill an ellipse in each oscillation. 

In the simplified system just described the gill would be expected to thrust 
water to the side equally in both up and downstrokes. That it does not do so 
will at once be understood when it is remembered that (i) the upper surface of 
the gill is convex and the lower, concave; (ii) the marginal filaments are 
flexed daring the upstroke; (iii) the filament branches behave in the upstroke 
in such a way as to allow water to pass between them. 

These facts introduce a feature of additional interest in that the principle 
of the oar in rowing ia involved as well as that of the screw. 

We may suppose that the description given here applies to any tingle gill 
ol the left side and oonceraed witii producing a flow from right to left, fig. flA. 
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Its fellcm of the ii|^t aide 'would perform exaotljttie aune movementa. It 
would turn ita undermirfeoe to the right on the upward atroke and to the kA 
ou the downward beat. Also it would traverse an elliptioal path in its vertioal 
movement passing to the right of its median vertioal axis of movement aa it 
rises and to the left of this axis as it falls. Since one gill of a pair, however, is 
out of phase with its feUow, one gill would be in advance of the other in its 
action. Thus the effect of a gill, say, the right in a flow from right to left, 
is reinforced by the effect of the left gill, the latter being one-third of a oomplete 
oscillation behind the former. 



Fio. e.—Diagram to show the elliptioal path traToned by a gill in periodic up and down 
motion and the obanging angle of the to its own path of motioii. The axiova on 
the dotted ellipse Indioate the actual path of motion; in A, of any gUl oonoanwd with 
a flow from right t<> left; in B, of any gill oonoemed with a flow from left to right. 
6 ia the angle between the gUl and a line at right angles to the main axis of flow indicated 
by the large arrow. 

Considering farther an animal with only the first pair of gills intact; if 
one of these giUs is held still by means of a fine needle, the cunent for reasons 
given above still flows to the side. The same flow persists if the fixed gill be 
allowed to oscillate and the other one is held still. Now if this same pair of 
gilk changes the directicm of the ounent in the water, we find again that 
either gill is capable of producing a lateral flow in the new dixeotioii. Tbua a 
sinj^e gill can produce a flow in either direotion. 

Proceeding then from our deaoriptioii of a single gill produomg a flow from 
right to left; if this flow is reversed the path traversed is the xevesse of that 



Om MovemmJU <md Wot/er Flow in Caenis horaria. 


alieady dflaccibed, fig. 6B; and the pivoting movements will take place in 
the opposite manner. Should both members of a pair be present we would 
again find one gill, vis., the right, reinforcing the effect produced by the left 
which precedes it in its oscillation. 

Let us now consider the gills in one linear series. If from a complete indi¬ 
vidual producing, for example, a current from right to left, the gills of the right 
side be removed, the current usually oontiuues to flow from right to left. The 

L D C a A X B' C' D' 

1 

2 


4 

Fie. 7.—Sine oiutdb 1, 2, S, 4 (for the left) and 2', 3', 4' (for the right) showing osoiJlatory 

movements of all the gUls in producing a flow from right to left. The curves are 
drawn to read from the middle line, thos e for the left gUls towards the left, those for 
the light towards the right side. The period of time involved in the movements 
iikUoated has been divided into four equal intervals ending at the dotted lines B. 
C, D, B, respectively for the left gills and at B^, (?, D^, E^, respeotively for the ri^hl 
gills. Between adlaoent gills periods of compression are marked by the sign -t', and 
of suction by the sign — * The attitudes of the gills are given in the siuall flgum 
above each ourve. In falling the lower sur&ce of each is turned to the and the 
filaments are outstivtohed; in rising the lower side of each faces right and the fllaments 
are flexed (see figures over ourve 1 undo* B' and A' respectively). Positions of gills 
of one side oarreapond with those of the other under the same letter, A with A^ B 
with C with C^, and so on. 

gilla producing this flow move in metaohronal rhythm from before backwards. 
They all exhibit the some type of pivoting movement, therefore the effect of 
any gill is reinforced by that of the gill behind it. But because of the rhythm, 
foioes of suction and oompressioa are exerted on the water in the inter-gil] 
epaoes. In fig. 7 by means of aine curves the oscillatory movements of the 
gills in this rhythm are shown on the left of the middle line. Reference to this 
figure indioates that a phase when gills 1 and 2 move apart (suction), is followed 
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by a phaae whan they approach each other (oomprenion). When gilla 1 and 2 
are beginning a aaotion phase, Nos. 2 and 3 are in compression, and gills 3 and 4 
are coining to the end of a suction phase. Periods of suction and compression 
alternate with each other down the series on the principle expounded by Cannon 
(1928), for the Crustacean Chirooephalua, That the forces invoked in these 
phenomena are significant in moving water is patent. We must conclude, 
however, Aiom the capacity of a single gill to cause a aide flow, that the effects 
that might be expected from rhythmical alternations of suction and com¬ 
pression between non-pivoting plates, are changed when the pivoting factor is 
introduced, the result being a side flow. 

It has generally been found that an animal &om which the gills of one side 
have been removed will continue for some time to deliver water to that side 
which retains its gills. This was so commonly noticed that it was at flrst 
wrongly thought to be the rule. A current in the reverse direction can, how¬ 
ever, occur. If such an animal with a current flowing away to the side on 
which the gills are retained be fixed on its mutilated side, and a thick suspension 
of fine mud particles be introduced towards this latter side the current oft^ 
reverses and flows against the proffered mud suBpensiou. This reversal is 
accompanied by a reversal in the nature of the pivoting movement. No 
change of rhythm occurs. 

Therefore, with one linear series of gills several principles are involved in 
current production (i) that which depends on the behaviour of the gill fringe 
in up and down movement—the bird’s wing principle; (ii) the principle of 
the " screw ”; (iii) the capacity of the gill to reverse this screw action by 
reversal of pivoting; (iv) t^t which concerns the alternation of suction and 
compression between the gills, caused by the metachional rhythm. 

The remarks made on the gills in one linear series apply equally to the gilla 
in the linear series of the other side, see fig. 8 on the right. 

There remains to consider the metachronal rhythms and gill movements 
when the gills of both sides are present. We have already seen, in considering 
the gill action in relation to the screw principle, that the effect of any gill is 
to reinforce the effect of its fellow—^the result being a flow to one side. It may 
be that this is the only principle involved. There appears, however, to be the 
possibility of an additional factor. 

Let us considei a single pair of gills, say the first, producing a flow from right 
to left. A point of some importaoice is the het that the right gill, by moans of 
its filaments, underlies the left in tiiis case. Also, the phase difference between 
them in movement is such that the right has a leading phase relation to the 
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leftr of one-third of a complete oacillation. Binoe the right gill moves in 
advance of the left and underlies it hy its filaments it is perhaps not unduly 
simplifying the o^se to think of the gills of a pair as being applied to each other 
so as to form a continuous membrane. This almost c<mtinuous unit may then 
be said to undergo a peristaltio wave from right to left. An initial suction 
phase on the right is followed by a suction phase on the left, a oompresaion 
phase on the right having meanwhile come into existence. Thus on account 

' Mia , . ^ 
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Fia, 8.—Sin© curvet* 1, 2, 3, 4 (for the left) and 1', 2\ 3', 4' (for the right) showing the 
osoiUatoiy movements of all the gills in producing a flow from left to right. The ourves 
are drawn to read from the middle Jims those for the left gills towards the left, those 
for the right towards the right side. The period of time involved in the movements 
Indicated hns lieen divided into four equal intervals ending at the dotted lines B, C, 
D, E, respectively for the loft gUls, and at CK. 1>\ E^ respectively for the right 
gllJs. Between adjacent gills periods of compression are mariced by a -f- sign, and 
of snotion by a — sign. The attitudes of the gills are given in the small flgores above 
each curve. In falling the lower surface of each is turned to the right and the filaments 
are oatatretobod ; in rising the lower side of each faces and the filaments are 
flexed (see figures over curve I under A' and B' respectively). Positions of gills of 
one side correspond Avith those of the other under the same letter, A with A', B with 
B', and so on. 

of the nature of the ihytluu across a pair of gills, suction and compression 
alternate across the two members of a pair so as to cause a current in line with 
the rhythm, i.c., across the body segment. If the gills roee and fell in simple 
periodic motion in such a rhythm without pivoting, a peristalsis of this kind 
would cause a cross flow. We have already seen, however, that for a flow from 
right to left, both gills of a pair turn to the right in the upstroke and to the 
left on the downstaroke, a movement which of itself can aooount for lateral 
flow. It would appear, therefore, that with a single pair of gills in action. 
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pffristahift and pivoting are oomplemantaij fttoton in the prodnotion of a 
flow of water aoroes the body. The fact that the water enters a sub-gill space 
by p*—ing between the giU filaments daring the apetrolce of the gill introduces 
a &otor which does not seem seriously to afleot the principles described above. 
V^en a sin^e pair of gills with a ourrent from right to left effects a reversal of 
flow, the gills come to rest momentarily. The originally underlying right gill 
now assumes an overlying position with regard to its fellow and at the same 
time the left gill assumes a leading phase relation to the right one. Further, 
the pivoting action which under the conditions of the first ourrent was directed 



Fig. 0,—Diagram of a posterior view ot a pair ot gilla in three sueoessive phawf of more- 
meat, 1,2, and 3, (Hxxlucing a flow ffom right to left. The arrows indkate the dhectioa 
of flow. In 1, the right and in 2. the left gill is rising. In 2» the right and in 3, the 
left gill ia falling. It should be noted that the toft gUl ovcxlapa the right, that the 
right gill is one-third of ovmplete oscillation in advance of the left and that the pivot¬ 
ing movements of right and left gills are ivaotioaliy identiool. 

to the left side of the body is now reversed and directed to the right. Fig. 9 
indioates diagrammatioally the possible effect of peristalsis aoTOss a pair of 
gills where three suocossive phases of movement are shown. 

Let us now consider the first pair of gills in relation to those behind them. 
Since the axial rhythm is from before backwards the ttensverse rhythm across 
any segment must oocur, in point of time, a little before that over the s^ment 
behind it. This being so, the flow ovtf the body across a segment is re- 
infiexroed by that over the one behind it. An examination of fig. 7, where 
ofloillatoiy movements of the gills are shown by sine curves and the pivoting 
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moTMnente by %h» sketohes appended above each curve, will dispense 
with aay lengthy explanation. In a flow from right to left the compression 
phaM between gill* 1 and 2 of the right side ocenrs during the suction phase of 
the left. In other words, the space between gills 1 and 2 of the left side is 
widening to zeoeive water which can be forced into it by the compression phase 
between the right-hand gills. Add to this the fact that the gills are pivoting 
so as to assist this directional flow and the transverse flow where two adjacent 
pairs of gills are involved will be understood. 

What applies to the first inter-gill spaoe will apply equally well to the inter¬ 
gill spooes between gills 2 and 3 and gills 3 and 4. 

The same principles will also hold for a current passing in the opposite 
direction ; transverse rhythm, overlapping relations between members of 
pairs, and pivoting being of the opposite order to those described above, 
fig. 8. Actual reversal is always accompanied by changes in rhythm, over- 
lappiag and pivoting. 

I have pleasure in thanking Dr. J. Gray, F.R.8., for tiie loan of a stroboscope 
during the early pert of the work and for much helpful advice on its use. To 
Mr. K. G. Blair 1 am indebted for identifying the adult insects on emergence, 
and to Dr. C. G. Lamb for helpful diacussiou during the progress of the 
work. 


Suammsy. 

(1) The n}rmph of Cofnir, by means of the oscillatory movements of four 
pain of gilb, produces a flow of water acroas the body from one side to the 
other. The current so produced is reversible. 

(2) The gills rise and fall in periodic motion traversing an elliptical path, 
and make, by a pivoting action, an angle with their own path of motion. The 
metaohronal rhythm in the movements of gills along each side of the body is 
from before backwards, but the gills of one side when in motion are always 
out of phase with those of the other. A transverse rhythm therefore exists 
across each pair of gills, this rhythm being in the direction of the water flow 
across the body. The transverse rhythm is reversed when the direction of 
the water ouneut is reversed. 

(3) The following fiiotors are significant in determining transverse flow:— 

(a) The fllamentar fringe along the edge of each gill behaves difloreutly in 

the upward and downward parts of each osdllation. Water passes between 
the filaments to tiie sub-gill space during each upstroke. In each downstroke 
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the filaments, by lying across each other, form a dose mesb which viztae 
of the smallness of its pores may be regarded as a membrane impervious to 
water. The gill is thereby rendered more efficient for moving water in the 
downward part of an oscillation than in the upward beat. 

(b) Each gill tarns its undersurface against the direction of flow in the up¬ 
stroke and with the direction of flow in its downstn^e. The principle of the 
screw involved, by virtue of the fact that the gill is inclined at an angle to its 
own direction of motion, is sufficient in itself to account for a flow across the 
body. A single gill can and does produce such a flow, and by its capacity to 
reverse the nature of its pivoting movemmits is able to cause a flow from right 
to left or from left to right. 

(c) Since the gills act as plates moving in metodironal rhythm from before 
backwards, the alternating periods of suction and compression passing along 
any series of gills are significant in causing water movement. 

(d) Any pair of gills by means of their filaments overlap, the one over the 
other in the middle line of the body. Upward movement of the underljdng 
one begins first, and the transverse rhythm passing over them acts as a peristaltio 
wave driving water across. The effect of such a peristaltio wave over any 
segment is reinforced by that over the segment next behind it because of the 
metachronal rhythm which passes ovw the longitudinal series of gills from 
before backwards. 

(4) Reversal of flow is associated with changes in (i) the method of pivoting 
of the gills; (ii) their manner of overlapping as members of pairs; and (iii) the 
direction of the transverse rhythm over the gills. 

The axial rhythms never change individually, but the relation of the axial 
rhythm of one aide changes with respect to the axial rhythm of the otiier thus 
causing a reversal of the transverse rhythms involving gills forming segmental 
pairs, 
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The Measurement and Analysis of Colour Adaptation Phenomena. 

By W. D. Wright, A.K.G.S., D.I.O., Ph.D., Lectoier m PhyHioa. Imperial 
College of Science and Technology. 

(Communicated by Sir John Paroonn, F.A.S.—Received February 3, 1934 ) 

ItUrodvdiott. 

The phenomenon with which thie paper deale is one that can be readily 
observed without any special apparatus at almost any time and is, indeed, 
familiar to all those concerned with visual matters, whether soiontists, artists 
or others. Thus when the eye gazes at a patch of light for a short time the 
sensitivity of the eye is modified and the appearance of a ooloured object will 
be changed from its normal appearance to an extent dependent on the nature 
of the initial patch of light. The object of the experiments described below 
has been to measure such changes under various conditions; for different 
intensities and colour of the initial patch; for varying times of viewing this 
patch; and for a test object whose colour and intensity is also variable; and 
finally to attempt to relate the results to the adaptation process and the three- 
colour response curves of the eye. 

Fig. 1 is a schematic diagram illustrating the action of the visual mechanism. 
To the left of H, o, b,c,d, ... represent the visible radiations of various wave¬ 
lengths and amounts of energy, while to the right of H the diagram represents 
the visual chain leading to the brain. At some point P along this chain the 
visual response is divided into three independent paths A, B and C. Each of 
the radiations a, b, o, d, ... may have been modified into stimuli o', 6', o', 
d', ... but each radiation will still have its corresponding stimulus at P and 
each will, in general, contribute something to the three responses A, B, G. 

This analysis admits, for the sake of generality, the possibility that o, 6, o, 
d, ... might each react to produce its own independent nerve response, the 
magnitudes of these responses being represented by o', V, c', d', . ..; these 
nerve impulses themselves can then be regarded as stimuli that react at P to 
produce rmponses along A, B, and C. In practice it is very difficult to conceive 
that o', V, o', d', ... con be different in nature ficom a,b,e,d,..., although their 
relative magnitudes may have been altered by absorption in aome intermediate 
pigment. 
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Now it is well known that when the eye ia directed to a fairly bright area of 
light, the sensation is much greater during the firat two or three seconds than 
it is after two or three minutes. This is generally ascribed to a reversible 
pbotoohemioal action in which some subfitanoe is dcuomposed by tho light at 
a decreasing rate until the rates of decomposition and regeneration just balance. 
It is of considerable theoretical interest to know whether this process takes 
place at H, at P, or between H and P, say at M; or it may possibly occur ns 
three independent processes along A, B and C, say at N. A fundamental 
point in tliis connection is tlie experimental fact that when a colour match 
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Via. I. —Sohematio diagram to illustrate action of visual meobanisni. 


(viewed at the fovea) is made between a test colour and a mixture of three 
physioal primaries, say a red, a green and a blue, then if the eye is subseijaeatly 
allowed to view a bright patch of light of any colour and become adapted to 
that higher intensity level, the colour match will still appear to hold when the 
eye is Ee<diieoted to the two patches. This is true at least over a wide range 
of intensity. Hence if the adaptation proceae occurs at M, it can only act by 
reduong the stimuli, of all wave-length, by the same /actor. This can 
be ocmpaxed to the inttoduorion of a rotating sector in the beam just before 
it entcn tiie eye. If any action took jdaoe which produced a change in the 
relative vofaiM of o', h\ o', d', ... it would be equivdent to the int^ootion 
of a ootoared^ase into the beam, instead of a sector. It ia aaaily ds mff n Ure ttd 
that this would, in general, affect the appearance of beams having the 
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colour but difierent Bpeotral compoftition in dificrent ways and a match between 
two such beams would accordingly be destroyed. 

We therefore arrive at the very important conolusion that any adaptation 
prooess produces either unifonn reductions of all the stimuli to the left of P 
or specifio reductions of the three responses betwe4»n P and the brain, or both. 
And we can anticipate that measurements of the effects of colour adaptation 
should provide evidence to determine ^hioh of these alternatives is the correct 
one ; to indioate the nature and laws of the process ; and possibly to determine 
the proportions in which a, b, c, d, ... each stimulate the three response paths, 
that is, to determine the three spectral response or excitation curves. 

Apparatus and Technique. 

The apparatus used was the trichromatic colorimeter designed by the author, 
in which three spooirul radiations are used as primaries and mixed in pro¬ 
portions that can be controlled by the observer to match any given test colour. 
The optical system is shown in fig. 2. This is similar to the system described 
elsewhero (Wright, 1927-28) except that while the test colour is still viewed 
by the right eye, the other patch, the mixture of the three primaries, is now 
viewed by the left eye. 

The function of the apparatus is briefly as follows : light from a pointolite 
lamp S is fooussed on the slit of a collimator and from the collimating lens C 
a parallel beam passes through two 60^ dispersing prisms and the top half 
of the beam is brought to a focus in a speotrum W^ by the lens The lower 
half of the beam is reflected by the prism and is fooussed in a second spectrum 
at W,. In Wi a small roof prism, T.C., reflects a narrow portion of the speotrum 
back through the optical system along a lower level until it is reflected by the 
prism D]. In spectrum W, three small prisms K, G, B reflect back three 
portions of the spectrum through the dispeiaing prisms, the dispersion is 
neutralized, and a parallel beam composed of a mixture of the three radiations 
is reflected by D^. The beam from passes through au aperture and is 
fooussed by 0^ at the exit-pupil while that from passes through a peri¬ 
scope prism P, then through Kg and is brought to a focus at Eg. The ri^t 
eye is placed at and the left at Eg. and Kg each subtend approximately 

X 2*^ at the eye and their separation and that between &i and Eg are adjust¬ 
able to suit the obeerver. In this way it can be arranged so that, by suitable 
convergence of the two eyas, the two patches are brought into apparently 
oontigoous positions, while at the same time each patch is fooussed <m the 
fovea ef tiie eye concerned. Small drcnlar aperturee (diameter =» 0-049 
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iBoh) are used as ezit-pupils at S] and £( and variationA in meaeurenieiit due 
to ohtngH in tho iris of the eye an thiu eliminated. The monoohromatio 
patch seen at Bi eerves as the test colour; ‘its mean wave-length can be varied 
by moving the T.C. prism through the spectrum W^. The patch at Eg was, 
throughout the present work, illuminated by a mixture of three radiations of 



Elevation 

Fro, 8.—Optical lyitem of triohiomatio oolorimeter. 

wave-lengths 0 ■ 86 (t, 0 ■ 63 (x and 0 • 46 p. These radiations acted as the instru¬ 
ment primaries and their relative intensities could be controlled by the observer 
by manipulation of photometric wedges, H, moimted in front of R, Q, B. 

For some of the experiments, the patch to produce the adaptation was obtained 
direct from the pointolite lamp via the prism Fj, the lens Q„ the prism F« and 
the lens Gr An image of the tungsten ball of the lamp was formed in a small 
aperture (diameter » O-036 inch) at Ey. When the eye was placed at E|, the 
lens 0| appeared as a uniform patch of light of 6° angular subtense. Neutral 
filters and coloured Wratten filters could be used to control the intensity and 
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ooloiir of the patoh ahd in addition a series of fixed apertoie seoton oould 
be rotated at J to vary the intensity by known amounts. The energy dis¬ 
tribution of the light approximated to tliat of a black body radiation of 
2100" K. 

A monochruiontic patch for the adaptation was also provided by mounting 
a narrow mirror in the spectrum W| and reflecting the light above the main 
apparatus into a lens, not shown in the diagram, flxod some distance vertically 
above 0 ^. Wh<jn the eye was placed at the focus of this lens a circular patoh 
of monochromatic light, of about 8 " angular subtense, was seen. 

In addition to tlie monochromatic test colour from the T.C. prism, a white 
test colour could also be used. This was obtained by illuminating a white 
magnesium oxide screen by light from a KKK) watt tungsten fllament lamp. 
The colour temperature of the lamp was approximately 2500" K., but the 
position of the white point in the colour triangle was measured in each experi¬ 
ment. In all the work the intensities of both the pointolite lamp and the 
fllament lamp were kept constant throughout a series of experiments by accurate 
control of the voltage supply. 

The experiment is esBenttally quite simple. After a period of dark adapta¬ 
tion lasting about 30 minutes, the teat (^loiir, as scon by the right eye, is 
matched against a mixture', of the three instrument primaries as seen by the 
left eye. The wedge readings are then noted by a second experimenter who is 
operating the apparatus. The observer now puts his right eye at E 3 and gazes 
steadily at the 6 ® patoh of light for, usually, 3 minutes. Jn the meantime the 
left eye is unilluminated. At the end of the 3 minutes the head is moved 
rapidly back to the colorimeter so that once again the test colour is viewed by 
the right eye and the three primaries by the left. The previous match no 
longer holds and the change is measured by adjusting the intoiisitiee of the 
primaries as quickly as possible until a correct match is obtained. The observer 
announces when this has been done so that the operator can again record the 
readings and in addition, with the aid of a stop-watch, the time at which the 
observation was made. The observer’s right eye is in the meantime recovering 
from its depressed sensitivity and a fresh match must be made to detenniue 
the course of recovery. In practice it is found possible to record observations 
about once every 30 seconds, the first match usually being made about 10 or 
16 seconds from the end of the adaptation. Each experiment is repeated to 
enable a mean curve to be plotted. Sometimes the repeat experiment was 
not conducted immediately after the first adaptation, but a series of experi¬ 
ments were made and then the whole series repeated. 
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The viUdity of the experiment rests on the enomption that the sensitivity 
of the leA eye remsins onohsnged throughout and can therafoie be used as a 
standard of reference. This is not strictly true, but it can be readily observed 
that the change produced in the right eye is many times greater than that 
produced in the left. It would undoubtedly bo best to allow for the effect, 
were that poaeible, but the error introduced by not doing so is of no signifioant 
magnitude. 

The presence of superposed after-images of any appreciable intensity would 
also tend to confuse the interpretation of the resnlts, but with the possible 
exception of the blue, no effect of this sort has been observed. The reason 
f(K this is the relatively low intensity of the after-images compared to that 
of the test colour. That no disturbing effect is present is shown, for example, 
by the fact that reversals from positive to negative after-images oause no 
alteration in the appearance of the test colour. 

The unite in which the observations are recorded are based on matches of 
a monochromatic yellow, of wave-lengtii 0*5826 p, in which the amounts of 
red (0*66 (i.) and green (0*63 p.) are taken as equal, and on a match of 0*4040 p. 
in which the amounts of blue (0 ■ 46 p) and green (0*63 p) are considered equal. 
This method of obtaining the units and its advantages for visual research, 
have already been deeoribed by the author (Wright, 1029). The relative 
brightiiees of unit quantities of the three primaries, for the author’s oye, are 
as follows;— 

Lh (0*66 p): 0*648 
l4o(0*63p): 1*000 
Lb (0*46 p): 0*061. 

The retinal intensity in photons of both the test colour and the adapting 
radiation are given in the results recorded below. Those were obtained from 
measurements on a Hefner lamp, but must be regarded as of an approximate 
nature only. The experiments have usually been arranged so that the particular 
point under investigation was dependent on relative rather than absolute 
measurements of intensity. It is nevertheless important to know the level 
of intensity at which particular experiments have been made, both for oom- 
pariaon with previous work and as a guide to future investigations. 

All the observations recorded have been made by the author. The time to 
aoqoiie fuiility in making binocular matches and the neoeeat^ ci oontiiuial 
oheelring of the resulta by repeating the e^perimente have made it impcaaible 
to extend the reeeoMh to mohde detailed obsetvatione by other observers. 
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Mr. F. H. G. Pitt, however, has repeated a number of representative experi¬ 
ments and his results have agreed in their general charaoteristios with those 
of the author. Owing to the limitations of space, only the essential results 
obtained by the author have been given; in all, some 5000 matches were 
recorded. 


Typical Remvery Cun*«. 

In fig. 3 the results for a typical experiment are shown. The initial match 
on the test colour, which happened to be a wJnte (retinal intensity about 200 
photons), gave the amounts of the th]'ee primaries as 

R-- 1750, G=-1900, B-=970. 


While the relative magnitudes of these quantities have the significance defined 
above, the absolute magnitudes are quite arbitrary, depending ou the coli- 



t in secs. 

Fig. 3. —Recovery curves using an adaptation radiation of wave-length 0*66 g, and 
intensity 1000 photonH with a white test ooiour, B = 1760, O « 1900, B *= 900, of 
intensity 200 photons. 

bration ourves in use at the time of the experiment, the presence of auxiliary 
filters in the apparatus and so on. It should be noted that.B, G, B wUl always 
bo used to indicate the values of the initial match made on the test colour. 

As adapting radiation a monochromatic patch of moan wave-length 0-56 (t 
was used with an approximate retinal intensity of 1500 photons. Three 
minutes adaptation was allowed. MeosurementB of the recovery of sensitivity 
were made in the manner already described and tlic whole experiment repeated. 
In fig. 3 the ordinates give the time, I, in w'oonde from the end of tiie adapta¬ 
tion, while the abeoisuB tepi'eseut the intensities r, g, b required by the dark 
adapted left eye to match the test colour as seen by the light adapted right 
eye. . In the remainder of Uie work, r, g, b will always be used to represent 
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maaoQxementB made on the test oolour during the recovery from ihe adapta¬ 
tion ; where a suffix is added, thin indicates, in seconds, the time from the end 
of the adaptation, at which the measurements were made. 

The amount of scattering of the points gives an idea of the xeproduoibihty 
of the physiological condition of the eye and of the difficulty of the observa¬ 
tions. With practice the matches can be made fairly easily, although the 
experiment is rather liable to disturbance from extraneous influences. The 
scattering is especially noticeable in the blue, on account of its low luminosity 
and for this reason unless the blue values were particularly required owing to 
the nature of the experiment, only the red and green values were recorded. 
This had the advantage that the operator had to record only two, instead of 



three readings each time a match was made, thus saving time and allowing 
more matches to be made; in addition the observations were oentred on 
the most reliable quantities. 

The first point to note in connection with fig. 3 is that although the blue has 
returned to its original value after the recovery has lasted about 200 
the red and green are still considerably below that level This is a charaoteristio 
that is found in ahnost* every e:q)eriment, namely, the rapid and complete 
recovery of the blue and the more or less rapid but incomplete recovery of the 
red and green. The recovery of the latter is, of course, completed, but at a 
much slower rate. The complete course of recovery is as shown in fig. 4; 
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for intensitieB of adaptation between 1000 and 10,000 photons, 30 minutes 
may elapse before the original value is regained Yet visually the depression 
of the red and green at t = 200 or 250 seconds is relatively slight and insigni¬ 
ficant compared to the much greater depression immediately after the adapta¬ 
tion. We can anticipate the discussion given later to state that the rapid 
recovery represents the recovery from the light adapted state to a mean level 
of adaptation, while the prolonged recovery measures the development of the 
enhanced sensitivity normally associated with dark adaptation, Bc}rond that 
we need only at present note the delay in the complete recovery and at the 
same time point out that the main process is in foot completed after 200 or 
300 seconds. Our attention will be largely devoted to this portion of the 
curve. 

The most striking feature of fig. 3 is the linear nature of the curves. This 
has been repeatedly confirmed by numerous experiments, except when very 
high intensities of adaptation are used. It may, perhaps, be objected that for 
small values of say, 5 or 10 seconds, a large percentage error in r or <jr would 
produce only a negligible displacement from a straight line, but a comparison 
with the non-linear curves obtained with high intensities shovra the striking 
difference between the two and indicates the probability that if the recovery 
curves were not linear below 10 seconds, the non-linearity would still be 
apparent after that time. Moreover, in a number of curves given later the 
intensity at 10 seconds is considerably higher tlian in fig. 3, and a much smaller 
displacement would be noticeable. It is, of course, very easy to imagine that 
in the first second or two, the recovery processes might start, perhaps, with a 
sudden burst of activity or, more probably, a short delay might occur before 
the action commenced. In neither process, unfortunately, would it be possible 
to measure such effects in these experiments, but the conclusions that have 
been arrived at are not greatly affect^ by possible secondary effects of this 
sort. 

Within the limitations implied above, the lines can be produced back to 
intersect the axis at < = 0 and the values of r, g and b at this point will measure 
the sensitivity of the eye at the time when the adaptation is just ended. These 
values will be of particular significance in measuring the depression of sensi¬ 
tivity for varying time and varying intensity of adaptation. 

It may be noticed that the green ourve intersects the axis very close to a value 
of ^ » 0. This is of no special theoretical consequence; in foot, for some 
combinations of test colour and adaptation, the curve may cross the axis to 
give negative values of g. It is then simply an indication that the odour seen 
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by tb« right eye lies outside the colour triangle made by the three instniikient 
prhnariee used in the left e 5 re. It is of some practical importanoe as it tends 
to limit the number of combinations of test oolour and adapting radiationB 
that can be used, since a negative amount of primary is not physically available. 
Incidentally, even if there were no other reason, the presence of negative 
quantities illustrates the desirability to record the recovery in terms of f, g 
and 6, rather tiian by log r, log g and log b. It will be shown later that r, g 
and 6 are the significant values in which we are interested. 


Vafioiion of Time of AAajiialimi, 

Considerable theoretical interest attaches to the determination of the effect 
of varying the time of adaptation and, in addition^ it is very important for 
the rest of the work to know how long the eye must be light adapted before 
the photoohemioal balance between decomposition and regeneration is reached. 

In fig. 6 (a) the recovery curves for adaptation times ranging from 10 seconds 
to 3 minutes are shown. In this experiment a inonoohromatio teet colour, 
wave-length <)*&826 |ji and retinal intensity 240 photons, was matched in the 
loft eye by 

R==1864, G=il864. 

A white adaptation, intensity 2000 photons, was used. 

As might be anticipated, the depression of sensitivity was greater the longer 
the time of light adaptation. The depression values at ^ = 0 are plotted in 
fig. 6 (6) against the time of adaptation to give a curve which is a record of 
the course of the light adaptation process. It is interesting to note how very 
rapidly the sensitivity is depressed and to realise that an action of this type 
occurs whenever the eye is directed to an area appreciably brighter than the 
one to which it had been previously adapted. The effect is not particularly 
noticeable under normal conditions when the eye may pass rapidly from one 
object in a room to another; then the adaptation level is determined by the 
average hrightnees of the objects in the room, and the eye will not usually rest 
on any one object long enough to be adapted to its particular level. But 
when entering a brightly lighted room from a dimly lighted one, the visual 
response is much greater iu the first few seconds than after 2 or 3 minutes. 
Rg. 6 (6) in effect illustrates the course of this process. It is, however, not 
to be expected that this curve would be of niuoh value in detennining the actual 
photoohemioal process taking place. A number of equations could be developed 
each which would fit the observations within the accuracy warranted by the 
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ezpermiant. In this experiment, the observations for the shortest fatigue 
are very widely soatteied. Variations of this sort are not uncommon, as a 
slight hitch in the procedure or a momentary uncertainty may upset the 
observations to an unpleasantly large degree. 

An important feature of fig. 6 that should be noted here, although it will 
not be discussed until later, is the fact that the recovery curves are nearly 
parallel to one another. This is somewhat unexpected, but it has been repeatedly 
confirmed and a similar result is found when the intensity of the adaptation 
is varied. This at least satisfies one condition that we should expect to hold, 
namely, that at the same level of sensitivity the rate of recovery is always the 
same, whatever the previous depression has been. This would not be so if 
I og r, etc., were plotted against t. 

The practical point in which we are interested, the time to allow to ensure 
that the balance point in the adaptation process has been reached, is answered 
by these results. Evidently a pi.riod of 3 minutes light adaptation should be 
adequate for most purposes. It is not to be assumed that after 3 minutes the 
visual mechanism is in a perfectly stable condition. This is very unlikely, but 
any changes that do occur are certainly both small and gradual. In the rest 
of the work 3 minutes adaptation has been used. 


Vatiaiion of Tett Colour and IMermination of the FundamenttU Re$pon»e 

Cttfvet. 

(a) Variation of Tett Colour.—In the experiments alreadj described the 
test colour used was selected because it had a convenient proportion of red 
to green and was of a suitable intensity. It must now be shown what efEeot 
a variation in either intensity or wave-length of the test colonr has on the 
recovery curves. 

In fig. 6 the recovery curves for the red and green primaries ore given for a 
white adapting light (intensity 700 photons) and a yellow tost colour. Three 
intensities of test colonr were used, the highest being 10 times brighter than the 
lowest. The reduction in sensitivity can bo compared for the three by extra¬ 
polation to ( ^ 0. These values, rg and are compared to the initial matches, 
R and Q, in Table 1. It will be seen that gJQ haa an approximately constant 
value, while the values for rJB are all of the same order. 

There are probably two main reasons to account for the deviation from a 
constant value. In the first place for the highest intensity of test ocdoiir. the 
differeDce of intensity between the test colour and the adapting radiation is 
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not very greet, so that immediately the matches an attempted the left eye 
win tend to become light adapted to an appnciable extent and a greater value 
of f or ^ will be required. Hence one condition for successful experiments is 



Fio, 6.—Reooveiy ourvei using white adaptation, intensity 700 photons, and the three 
intensitiea of test, colour, wave-length 0<fi820 (i. (a) Intensity of test ookmr, 360 
photons, R = Q =« 2510. (&) Intedsity of test colour, 160 photons, H -= Q » 1120. 
(e) Intensity of test oolour, 86 {diotons, R « O » 250. 


Table I. 
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thit the test colour ebouki be of low intensity in oomparison with the ad^i^ing 
radiation; the efleot of the light adaptation in the left eye will then be n^igiUe 
in oomparieon with the right. The other source of TaEiation is tiie inherent 
inaccuracy in ejctrapolation to C = 0. This should not be very great in fig. 6, 
but with higher intcnidtiea of adaptation and correspondingly smaller values 
of Tq and the percentage error may be very appreciable. For this reason 
it is more reliable to compare readings at some time shortly after the recovery 
has started, say at / = 20 secondH. 

This has been done for the same test colours used above but with aji intensity 
of adaptation (3500 photons) live times as great. The values obtained at 
^ = 20 seconds are given in Table II. In this case the agreement for the three 
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test oolouis is more convincing and is, in fact, as close as could be expected in 
view of the difficulty of the observations. 

The implication of this result is that if an intensity t caused the same sensa¬ 
tion in the dark adapted eye as an intensity 1 in the light adapted eye, then a 
reduced value of t, say i/10, would produce a reduced sensation in the da^ 
adapted eye that would be matched by an intenaity 1/10 in the light adapted 
eye. In addition to other experiments similar to the above, this was also 
checked directly by measuring the recovery from a given adaptation in the 
onlinary way and then repeating the experiment with a sector introduced so 
that it cut down the beams equally in the right and left eyea. The curves 
obtained should ooinoide; a very close agreement was found, as shown in 
fig. 7. 

It is evident, then, at least for intensities that are small in comparison with 
the degree of adaptation, that if we have a match between intensities of i and I 
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measured at different aenaitivity levek, the match will also hold between at 
and ocl. This relation has been postulated before as a law of coefficients " 
(von Kries, 1904), although the experimental evidence on whic^.h it was based 
does not seem very adequate. So far as can he seen, the only reason that the 
relation could not be said to hold for all intensities, largo or small, is that a 
large intensity would immediately produce a change in the state of adaptation. 
If observations could be made before this change o^^rMirred the same relation 
M’onld presumably be found to hold. 



Ftu. 7. —Oreen miovery ourve using white adaptation, intensity 1200 photouK, and yellow 
test ooJour, wave-length 0«5825 (i. G 644. Results are shown for thiiT levels of 
intensity of test colour and oomparisun beam, obtained with rotating HCctors to 
interoept beams in both the ri^t and left eye. Int'ensity of test enlour • 3S0 
photons ; O fiO photons ; x 36 photons. 

An important corollary to observe is that these observations provide strong 
circimistantial evidence that r, g and b are direct mensuremeuts of the responsCf 
08 opposed to other functions such as log r, log log 6. When the sensitivity 
of a mechanism is reduced, the response aroused by any given stimulus is 
usually reduced in a ratio independent of the magnitude of the stimulus. 
This will only hold in the present case if we measure the response in terms o^ 
r, g and b. 

Now HuppoHo K', 6' and B' arc the hypothetical stimuli that produce 
responses along A, B and C, fig. 1, respectively. Then a redaction in sensitivity 
produced by light adaptation will, for a test colour that stimulates A akme, 
produce an intensity deptression of R' but no colour change ; similarly if B or 
C are stimulated alone. Then if, in a given state of adaptation, R' were 
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mlaced to ¥ and Q' to y', ae each response is mdependent, (R' + G') would be 
reduced to (r' + (2R' + GO would be reduced to {2¥ + ^0 aud so on. 

In other words the geometry of the colour triangle holds equally well for the 
Siepau/eA eye as fox the eye in its normal state. This also follows independently 
from the fact that a three colour match made in one eye remains a match even 
when the eye is light adapted over a wide range of intensity. Hence if the 
effect of a particular colour adaptation cm colours of the three instrument 
primaries R, G, B is known, then the effect on any colour in the colour triangle 
can be calculated. 

This deduction is also given by von Kiiea (1904), but it seemed desirable to 
check it experimentally and the results of one test are given below. Three 
monochromatic test colours, 0-66 [i, 0-5825 p and 0*63 p, were used. For the 
adaptation the beam direct from the pointolite was used with a green Wratten 
filter interposed (intensity 1200 photons, spectral distribution not determined). 
The values of r, g and b for each test colour were read off from the recovery 
curves at t = 20 seconds to give the results shown in Table III. 


Table III. 
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06 
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The left half of Table 111 gives the results for the actual amounts of the 
test colour that were used ; on the right-hand side the data have been reduced 
to amounts of R, G and B that can be directly compared. In these units the 
values of and for the 0- 66 p and 0«53 p test oolours shooldt when added 
together, give the and values for 0*5826 p. The agreement is remark¬ 
ably dose. Similar experiments have confirmed that result, although the 
margin of experimental eixor has usually been greater than hero. 

The effect of varying the test colour is thus reduced to a matter of colori¬ 
metric additions and subtraotionB. If the intensity of the test colour is 
reduoedf the recovery curves ore reduced by the same amounts throughout; 
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if the oolour is changed, the change can be naltmUtail provided the effect of 
the adaptation on three arbitrarily aeleoted ptimaiiea is known. Theaeooa- 
olnmcna must not be regarded as absolutely rigid; they appear to hold at least 
very approziinately over a mean range of intensity, but at very low intensitieB 
after-images will be of comparable and disturbing magnitudes. 

(6) Determination of tie Fundamental Response Curves .—It has been men¬ 
tioned above that if we could find a tost colour that stimulated only one of the 
responses then no matter how the sensitivity of the eye was depressed, no 
oolour change could be evoked; for a oolour change necessitates a change in 
the proportions of at least two of the ret^ponses and sinoe only one is being 
stimulated, no qualitative change can bo produced. 

Further, if the positions in the colour triangle of these three fundamental 
stimuli were known, then the fundamental response or excitation ourves could 
be computed by combination with the triohromatio mixture ourves and the 
luminosity curve. Hence to determine these response ourves it is only 
necessary to find those theoretical stimuli that, no matter how the sensitivity 
of the eye has been depressed, evoke sensationB that are modified in intensity 
but not in colour. 

A direct investigation of the spectral radiations for this property can be 
made very easily. The patches in both the lett and tight eye can be illuminated 
with the same spectral radiation and the right eye can then be adapted with any 
coloured light. For a comprehensive test red, green and blue adaptations 
should all be used. At the end of the adaptation the two monoohrmnatio 
' patches are again viewed and if no oolour change has been induced in the 
right eye, it should be possible to obtain a match motdy by reducing the 
intensity of the light in the left eye. It should be noted that the term ** colour 
change ” is intended to include a change in saturation as well as a change 
in hue. 

If such a series of experiments is conducted, it is found that in two regions 
of the spectrum there are radiations in which only very small changes are 
induced. The first of these is in the extreme red, from 0*70 p to the end of 
the spectrum. With this test colour, with any wave-length of adapting light, 
only an insignificant colour change is induced. Sometimes a smaO amount of 
blue, the origin of which is discussed later, is superimposed, but while it is of 
interest it is of negligible pioportionB. For all praotical purposes it can be 
coaohided that the extreme red stimulates ooty coe of the retyo ose s. The 
point in the oolour triang^ ootnep(mding to this region can therefore be taken 
as R', the red fondamental stimulus; its equation in terms of B and 0 has 
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been teken from the author’s ookrax mixtura outves obtained in pMuions 
wodc end is given by 


R'=ailOS6B —0-0360. 


The other region of the speotrom in which praotioaQy no ooloiir change is 
induced is in the neighbourhood of 0-46 (ju For either a red, green or bine 
adaptation the change is very slight; the major effect is an increase or decrease 
in saturation, but little error would be introduced if 0-46 [x itself were taken 
as the second of the fundamental stimuli. Nevertheless, it is shown below 
that a mote accurate determination of the point presents no great difiioulty and 
its precise location has been found. 

In the green region of the spectrum the colour change is very much mote 
marked. Thus after adaptation with red, a green at 0-03 p will become a 
purer, more saturated green, while after green adaptation it will appear yellow- 
green or yellow. It has been shown above that once the effect on three 
primaries is known for a particular adaptation, the change produced on any 
given point in the colour triangle can be computed- It has now to be shown 
that the inverse process, the location of a point that a given colour change, 
for our purposes zero change, is also possible. 

This can bo shown most readily by using the data given in Table lU. From 
this table we find that 


lOOOR after adaptation become 1&5B, 
and 

lOOOQ after adaptation become (41B -|-1060). 

If we assume tliat the trichromatic ooeffleienta of the fundamental stimulus 
are given by (xB -f yO), then after adaptation (xB + yO) becomes 




« (0-166X -I- 0*041y)B 0-106yQ. 

As this is to be the point giving no colour change, the ratio of the B and Q 
ooefBoMots before and after the adaptation must be the same, iwwi ce 

X _ 0-166x-h0-041y 
y “ 0-106y ' 

pvbig X — 0'82y. 

The green stimnlus is therefore r e prese n ted in the oolour by the 

point g (—' 0'82R -f- 1*0G). The looation of the point baa aiB^y involved 
tile IBS of the normal pcopectiM of the oolour ttian|^ 13 m only f f****—- 
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tion that has been made is the omifiaion of the Une. It has been found that 
for test ooloun between 0*66 (x and 0*53 (i the changes ore almost entiielj 
a fdnotion of two variablea, the red and the green. A small quantity of positiTS 
blue is evoked by some adapting radiations, but the amount is negligible in 
comparison with the changes induced in the other two primaries. It may be 
due to a superimposed after-image or be associated with other abnormalities 
of the blue found later. 

The sample calculation has been particularly easy, owing to the choice of an 
adapting radiation that caused no colour change in B. In some experiments 
a spedsal green was used for the adaptation and this caused R to become too 
saturated to measure. It is then necessary to use, say, 0*53 p and 0-5825 p 
as test colours and obtain the change in R by subtraction. Similarly, if a red 
adaptation is used, the green teat colour will move outside the colour triangle and 
be impossible to match, but the changes in 0*65 (x and 0*6825 (x can be measured 
and the former subtracted from the latter to give the change in 0-53 (x. 

Table IV.—Green Stimulus Coefficients. 

y(-0-70R-|- 1(K>) 
y<-0*80R -f 100) 
j^(-0-64n + I 00) 
y(-0*S5K+ lt»0) 
y(-0-8:2R+ 1-(K4) 

Mean y (— 0 • 70R + 1 -OO) 


SeToral determinationB of the green point were nuMle with n Surly satu* 
factory degree of agreement. The results are given in Table IV. Expressed 
in terms of a unit trichromatio equation, the mean value of the Q' stunnlus is 
given by 

G' = - 2S3R + 8-S8G. 

A i«imila.T method to find B', the bine stimulus, can be adopted, although the 
experimental possibilitiee are more limited. To obtain the maximum accuracy 
a test colour should be used as near to B' as pomible; 0*46 p is the obvious 
choice. Using that as test colour and either a red or green adaptation, the 
colour becomes more saturated and cannot be matohed. But with a blue 
adaptation the change is towards the oentre of the trian^ and the leeulte 
oan be measoxed. The experiments have theieSne been limited to that 
oondition, with 0*46 p aoting as the adapting light. The eflecte of this 
adaptation on 0'6S p, 0*09 p and 0*46 p were measoied and tlie calculations 
"Mda on similar linee to those for the green xeeponse. 
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Th6 retnltB for one expeximeiit ai6 giTBn in Table V ; the intensity of the blue 
adaptation was about 70 photons. 


Table V. 


WATt-leogth aod intenaity of T.C. 

jm 

G. 

B. 

*'l#- 

9f 


0-4S /If 18 photons . 

B| 

|B| 

86,320 

100 

40 

2600 

0-63 ih 8 photons . 



B 

so 

200 

— 

0-06 fh 8 photons . 

652 

HI 

■ 

200 

— 

— 


Now suppose B' is given by 

= reR 4* ^ + «B. 

After adaptation this will become 

^ x200R + ^(80R + 200G) + ^g^(100R + 40G + 2600B) 

-= (0-363X + 0*129y + 0 0028z) R + (0‘323y f O-OOllz) G + O'OTOftzB. 
For no colour change 

^ 0-323y+ 0-0011g 

«■ 0-0709Z 

giving y a — 0’0044r. 

Also 

X _ 0-363a! 4- 0-129y + 0-0028z 
8 0-07098 

giving * = — 0-00788. 

Hence B' -n 8 (- 0-0076R - 0-00440 + 1-OOB). 

Two other similar experiments gave the following results, 

B' =» 8 (- 0019R -• 0-0074O -f 1-OOB) 
and 

B' 18 (- 0-012R — 0-00210 +1 -OOB), 
with a mean valne for the three experiments of 

B'» 8 (- 0-013R — 0-00460 + 1-OOB). 

The uit equatiaa for B' is than 


B' — - 0-013R — 0-00470 +1-018& 
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The egreement between the thzee ezperunente ie on the whole eatiafoatoiiy. 
The emonnte of led and green involTed an ao small in conqpariaon with the 
blue that a closer agreement could hardly be expected. 

We now collect the equations for our fundamental stimuli as follows:— 

R' = 1-(»6R-OO80G, 

G'=«-2-33R +3-330, 

B' = - 0-013R - 0-0047G + 1-018B. 

These equations can be combined with the relative luminosities of R, G and B 
and with the luminosity curve and trichromatio ooefBcients of the spectrum, for 
the author’s eye, to calculate the fundamental response curves by well-known 
colorimettio tranafonnationa (Wright, 1929-30). These curves, for an equal- 
energy spectrum, are shown in fig. 8. In addition, in fig. 9 the spectral locus 
is shown in the colour triangle referred to R', G' and B'. 



Waveler^th 


Ito. 8.—Fundamental response owes for an eqnat-enetgy speotmm, e q uessed la 
Iwnlnodtynalts. (a),Uaei (b)green; (e)red. 

A detailed diaouBBion of these curves cannot be included in the present 
paper, but they would appear to provide a satisfootory basis on which to 
explain the other phenomena of colour vision, with the possible exception of 
the saturation differences of the spectral colours. The general characteristics 
of the curves ore not very different from Kdnig’s “fundamental sensation 
curves.” The main difieteooe is in the green curve at the shorter wave-lengths, 
where it is seen to go below the sero line at about 0-46 (a and become negative. 
The phyaidogioal meohaaiam by which such an effect could be produced cannot 
be visualised vary readily, but it would apparently necessitate the assiunptiaa 
that all three ftindamental responses have some quality in common, so that one 
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nipoiiBe could produce a BubftractiTe effect on another. Hiia qnahty mnat 
ptohaUy be in the nature of an inherent “ whiteness,” and it is on an assump¬ 
tion of this sort that saturation differences might be ex{dained. 

On one point of previous dispute it is possible to come to a definite conoloaion. 
It is quite certain that blue and not violet is the fundamental stimulos. It 
is only necessary to adapt the eye to a red radiation and observe the great 
ehsnge that is produced in a test colour at, say, 0-43 |i to prove that this 
radiation stunulatee at least two responses. 



Flo, 9l—L oras of speotrum in raloar tiiangle lefemd to fiindamenta] stinraU, R', 0\ B'. 

W lepmmts white point oorrespondiiig to bleok body radiation of 4800* K. 

Variation cf Intenoity of Adoftation. 

(a) UodoraU Inteiuily Range ,—^It is necessary to discuss the effect of varying 
the intensity of adaptation in two parts, under the headings of moderate intensi- 
tiss and high intensities. The phenomena in the two slates differ to a 
sztent, althon^ there is, of course, a gradual transition firam one state to the 
other. This transition occurs roughly within an intensi^ range between 
10,000 and 20,000 photons, and in this section the adaptatioin phenomena 
iwearring below the 10,000 photon level will be described. 
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In fig. 10 recoveiy ourves axe given for the red that were obtained in an 
experimant with a yellow test colour and a white adapting light of variable 
intensity. The intensity was controlled by rotating sectors with apertnrea 
ranging bom 22^*" to 180°. 

The first point of interest is that, as with varying tima of adaptation, the 
recovery carves are linear and with one exception, approximately parallel 
to one another. The recovery is somewhat slower with hi gher intensities of 
adaptation, but the change is comparatively small. This characteristic has 
been confirmed in a number of experiments; its significance is discussed 
below. 

It is seen also that as the intensity of adaptation is increased, so the sensi¬ 
tivity decreases. The magnitude of the sensitivity at the end of the adaptation 
can be found by extrapolating the curves to £ = 0. The values of fg can then 
be compared to the adaptation intensity A and their relation determined. 
This has been done in Table VI to obtain the very important result that the 
product Afg is constant within small limits. (In the second adaptation, some 


Table VI. 


AcUptation inteiuity j 

• 1 

m pnotonB. 

1 % (arbitiury unit^) 

r B — 3800 ; Intensity I 

1 L of T.C. «« 360 photuiu. J 


800 

000 

n X 10 * 

ISSO 

420 

M X 10< 

2140 

350 

76 X 10* 

8200 

260 

80 X 10* 

4270 

160 

77 X 10* 

0840 

140 

76 X 10* 

6400 

110 

70 X 10* 


disturbing factor has affected the observations, both as regards the slope of 
the curve and the value of fg.) The experiment has been repeated a number of 
times and the results for three other series of observations are given in Table 
VII. A gdn, vrithin quite close limits, the product is found to be constant. 
These results have been selected from a number of similar expenmeats, but 
althouf^ the values given here are the most consistent obtained, the others 
have only been inconsistent when the observations have been erratic, as shown 
by the scattering of the points, with occasional discrepancies rimiUr to the 
second observation in Table VI. 

The intensity range that could be covered was limited, at high intensities, 
by the new phenimieaa that occur, and at low intensities by the need for the 
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Table VU. 


Colour Adaiftatiion Phenomena. 
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tort oolonr to be appreciably lower tiian the adaptation intenaity. If a low 
intenaity teat colour were need, then after adaptation the apparent intenaity 
would be much lower still and the matches would be very difficult to make with 
any degree of oertainty. 

Se v eral very significant deductions can be made from the conatanoy of the 
product Atq. In the first place it is closely analogous to the observations 
aasociated with the Weber-Fechner law, in which two fields of intensity I are 
compared and one increased by AI until a just noticeable difference is produced. 
It been found over intensity ranges »iTnilii.r to those used in the adaptation 
e^>eriment8, that Al/I is very nearly constant. Now if we assume that the 
aensitivity of the eye when adapted to intensity I is the same when the light is 
acting as it would be if the radiation were suddenly removed, then this constancy 
of AI/I exactly corresponds to the constancy of the products given in Tables 
YI and VII. The difference in the two derivations is that in one the stimulus 
required to produce a constant response (the just noticeable difference) is 
measured, while in the other the magnitude of the reqionse from a constant 
stimulus (the fixed teat colour) is determined. 

Two deductions can be drawn from this agreement. First, the assumption 
that the sensitivity of the eye, when adapted, is the same when the light is 
entering the eye, as at the instant after it is out off, evidently holds. This 
means that the sensitivity depends on the physiological condition of the eye 
and not on the physical stimulus producing that condition, a conoluaion that 
has considerable logic of its own to support it. 

Secondly, because M is small in relaticm to I, it is taken as a direct measure 
of the sensitivity of the eye; similarly because B, Q and B are «mall in relation 
to the adapting intenaity A, r, g, b can dso be taken as direct measurements of 
the sensitivity, that is, of the magnitude of the visual response for a given 
stimulus. This should be noted as a further indication of the signifioance of 
r, g, b, as compared with log r, log g, log 6. 

The implioationa of these conclusionB can be further extended if we combine 
with them the effects described earlier when the intensity of the test colour 
was altered. It was shown that after adaptation with light of intenaity A, 
the apparent intensityof a test colour would be reduced from R tor,. Fromthe 
coefficient law, a test cdlour of intensity 2B would be reduced to SR to Sr, 
and BO on. 

In particular a test odour of the seme intensity. A, as the adaptati<m would 
be reduced to a,, where 

0 , ™ A X TqJR* 
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But it has been ahown above that, for a constant value of X Aisaoonstant 
product, hence 

a^tm A X fo/R = constant. 

This equation implies that as the eye becomes adapted to any intensity A, 
the apparent brightness Oq is gradually reduced to a constant level, no matter 
what the initial intensity A may happen to be. At first sight this is a very 
surprising conolusiom Actually it expresses algebraically the well-known fact 
that the eye adapts itself to approximately the same level over a wide range 
of intensities. The commonest illustration of this is the well-known phenomenon 
that a room artificially illuminated appears to be quite as well lighted, once the 
eye has adapted itself to that particular level, as it does in daylight^ although 
the amount of light present is very much smaller. 

The range of intensities over which the relation has been tested is oom- 
paratively small, but it is probable that the relation holds between the limits 
within which AI/I is approximately constant. Beyond these limits thedeviation 
from constancy is an evident indication that the level of response cannot be 
maintained over the whole gamut of intensitieB. It will, in fact, be shown 
below that in all probability different adaptation mechanisms are brought 
into play at very high and very low intensities. 

The mechanism by which a constant level of response is obtained can be 
easily visualized. Evidently the magnitude of the response must he determined 
by the rate of decomposition or disintegration of the photo-sensitive substance; 
when this decomposition is occurring at a steady rate the response will maintain 
a steady level. This would occur if the regeneration of the substance proceeded 
at a fixed rate, for under these circumstances when a stimulus acted, the amount 
of photo-sensitive material would either mcrease or decrease until the rate of 
decomposition was just neutralized by the rate of regeneration. A constant 
rate of regeneration would therefore involve, once the adaptation balance 
point had been reached, a constant rate of decomposition and thus a fixed 
level of response. 

This conclusion is most satisCactorily confirmed by the linear nature of the 
recovery curves. Reasons have already been given for regarding r, g and b 
as direct measures of the zeqKmse and the linearity of the recovery curves 
therefore implies a constant rate of r^eneration of the light sensitive material. 
The fact that, in addition, the corves are approximately parallel for a wide 
range of adaptation intensity, provides a farther elegant expesnmeniel oon- 
firmation of the theoretical deductions given above. 
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It hu been shown thnt the instentsneoDs leqponae to a stunnhiB A is nduosd 
by sdsptsticHi in the mtio r^JR to tiie fixed level a^. The simple but interesting 
oordluy fblhnra at onoe ihat the initial lesponse is proportional to 

Oq X B/r, » Og X A/og » A, 

the intensity of the physioal stimuhiB. It would foUow that if the Feohner 
fraotiax oould be measored instantaneously, AI, instead of being proportional 
to I, would be constant. It would be very difficult to test this experimentally, 
but it is supported by phenomena such as glimpsing,** a property of the eye 
used by miorosoopists to detect &int details by ^noing instantaneously at 
an object. On prolonged viewing the stmotnze cannot be seen. This must 
not be o<mfiiaed with the opposite effect that ooouxs at very high intensities, 
when contrast is destroyed by the glare of the light, although when adapted the 
eye can readily detect difiecenoes in intensity that were previously invisible. 
Glare, however, produces abnormal processes in the eye that must be treated 
separately from normal conditions. 'They are discussed below. 

Dark adaptation must also be treated as an abnormal condition. It is well 
known that the process of dark adaptation involves a special mechanism that 
takes a relatively long time, 20 or 30 minutes, to come into normal action, 
compared to the 2 or 3 minutes required for the eye to become light adapted, 
when passing, for instance, from a dark room to a lighted room or from daylight 
to an artificially lighted one. (The latter process, although occurring when 
going from a higher to a lower level of illumination, must still be considered 
a li^t adaptation process.) The slower dark adaptation process eTplftimi the 
prolonged recovery shown in fig. 1. The initial match is made when both left 
and right eyes are dark adapted; the recovery curve is obtained while the left 
eye is still dark adapted but while the right eye is recovering firom li ght adapta¬ 
tion. The light adaptation process will recover rapidly, and will be completed 
after S or 4 minutes; but the return to the initial sensitivity will necessitate 
a farther SO minutes dark adaptation. As we ate mainly concerned here 
with the processes of light adaptation, we have in general only measured the 
rapid recovery cf the first 4 minutes. It must again be ompimiiMMi however, 
that at the end of this period the remaining depression is very slight compared 
to that immediately following the adaptation. 

This brief discussion does not explain tiie complete recovery of the blue. It 
will be more appropriately discussed whmi the effect of a variation in the 
wave-lsBgtii of adaptation is examined. 
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(6) High IfiltemUy Ba/nge ,—^In fig. 11 the red and green recovery carves are 
Aown for an experiment using a yeUow test colour, intensity 500 photons, 
and a white adaptation varying in intensity firom 2600 to 92,000 photons. 
Some of the curves that wore obtained have been omitted, but those shown have 
been selected to illustrate successive stages in the high intensity recovery 
process. 

It is seen that the linearity found with moderate intensities no longer holds; 
in some of the red carves the recovery occurs very slowly at first but after a 
considerable time, increases rapidly. At higher adaptation intensities, the 
recovery rate is fairly high at first, then slows down and almost stops and then 
increases rapidly again. Finally, at the highest intensity the recovery, while 
slow at first, follows a smooth curve throughout. In the green the irregulari¬ 
ties are somewhat less marked, but the fact that the red and green behave 
difierently is important as it may give a clue to understanding the mechanism 
that distinguishes the two responses. 

It would appear that some change of state is taking place, such as the re¬ 
formation of some substance or, more probably, the bleaching of an absorbing 
materiaL The latter possibility is supported by the fact that at these high 
intensitieB of adaptation, a trichromatic colour match made in the normal 
manner using only one eye, will no longer hold. For instance, if a yellow is 
matched against mixture of red and green, then after the eye has been adapted 
to a high intensity, the yellow will appear much rodder than the mixture of 
the two primaries. 

The recovery back to normal can be measured in a manner similar to that 
for Ihe other recoveiy curves. The monocular match is made in the usual 
way, the ^ is then adapted to the high intensity and at the end of the adapta¬ 
tion, the match is re-set. When the obeorvationB have been recorded, another 
match is made and so on until the recovery is complete. Beeults for an experi¬ 
ment on these lines is shown in fig. 12 ; a monochromatio yellow (intensity 300 
photons) was matched with a mixture of the red and green instrument primaries 
to give 

R 2200, G = 2200 

before adaptation. After adaptation (white light, 18,000 photons) the green 
was unchanged, but the red had to be increased to obtain a match. The 
gradual return of the red to normal is shown in the diagram. The increase 
in the red is quite appreciable, being nearly doable at t 0. This suggests 
very strong that the rdative absorption of on intervening substanoe has been 
changed by the high intensity of light; either a traiuparent substance has 
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beoooM mom sbaorbent in the nd or a red subataDoe has become more traiie- 
pAcent in tiie ydlow and green. Whe&er this takne place between H and P 
(of fig. 1) or at P itself is nnoertain; it certainly cannot take place to the ri^t 
of P, as it would not then produce a breakdown in the colour match. 

There is Uttle doubt that this effect is closely associated with the irregular 
recovery curves of fig. 11. More extensive observations, however, are necessary 
before a satisfactory analysis can be made of the visual reactions at these intenai- 



Fia. 18.—.Broskdown of ooloni mstoh: raooTery of ted to initial valoe of B 8800 in 
mawnmilMi matoh between a yellow, wave-length 0*58SB |i, intensity 300 photons, 
and a miztuie of ted and green, after high intensity adaptation (white light 18,000 
photons). 

ties and furthor deductions must be postponed until such observations are 
available. 

Variation of Waoe4mgtk the Adapting Badiation. 

In the initial stages of the work it was anticipated that it would be possible 
to analyse the changes in the relative depressions of the red, green and blue 
sensitivities as the wave-length of the adapting radiation was varied, and from 
the analysis deduce the fundamental response ounres. Attempts to reaoh 
that goal in this way were unsuccessful, but a different line of attack has 
already been shown to have yielded the desired result. The fiulure of the 
first method was due to the fact that if, for example, one of the fundamental 
stimuli, R', G' or B', could have been used as adapting radiation, then althouj^ 
the sensitivity of that response would be depressed most, yet all three ze^nses 
would be depressed to a marked extent. For this reason the effects could not 
be analysed as a fiinotion of three variables and the method was eventnaUy 
given up in flavour of what proved to be a more direct approach to the problem. 
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It is impossible to describe the results of the innumerable oombiuarions of 
test colour and adapting wave-length that could be investigated, and accordingly 
data are given relating only to a white test colour. These observations illustrate 
aD the important features that have been encountered and more detailed 
results would tend to mask their outstanding characteristics. 

In fig. 13 the recovery curves for the red, green and blue primaries are 
illustrated for a white test colour and adaptation radiations ranging from 0*65 p 
to 0-43 p. In fig. 14 these results, together with the result shown in fig. 3 
for an adaptation with 0*66 p, are plotted in the colour triangle to show the 
actual colour change produced by the adaptation. 

Several significant features in these diagrams must be mentioned^ With red 
adaptations the red sensitivity has, of course, been depressed most and with 
green adaptations the depression has been greatest in the green. Blue radia¬ 
tions, however, have nol produced any preponderating blue depression and, 
as in other experiments, the blue has recovered most rapidly. It is important 
ako to notice that with no adaptation is one response depressed excessively 
with respect to the others. (It should be remembered that if the recovery 
curves were measured in terms of the fundamental stimuli, R', O', B', instead 
of R, G, B, the specific depressions would be still less evident.) For instance, 
with an adaptation of 0*66 p it might reasonably have been anticipated that 
the green would hardly be depressed at all. The &ot that it is very con¬ 
siderably depressed is an indication that there is a general, as well as a specific, 
adaptation mechanism. Further, it is very significant that with red adapta¬ 
tions, the green recovery is rapid compared with that when green adaptations 
are used, and with green adaptations the red recovery is more rapid. This is 
especially significant in view of the fact that when the intensity of adapta¬ 
tion is varied, only a small change in the slope of the recovery curves is 
produced. 

Consider what happens when the light strikes the retina. Once the physical 
radiations have acted on the nerve endings, it is inconceivable that they should 
still maintain their individuality and independence. Hence the stage P, fig, 1, 
at which the responses are subdivided into three separate ohannels must 
inevitably ooour at the same stage at which the radiant energy is converted 
into nervous energy; that is to say, the only action that can ooour between H 
and P is one of absorption due to one or more coloured substanoes that may be 
interposed in the path of the light. The process at P is almost certainly 
responsible txa the general adaptation phemmienon, in which some pboto- 
seiuritive sobstanoe is regenerated at a constant rate, and it follows that any 
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other prooett most be sabeeqoent to this geaenl prooees and irill be compooed 
of three epeoific effects ocourrmg along each path, each effect beiiig governed 
bjr the magnitude of the response along its own path. 

We have seen eaiiier that usually the recovery is not completed for a relatively 
long time, as the enhanced sensitivity produced by tiie initial dark adaptation 
is a different and more prolonged process than that associated with light 
adaptation. Now it has just been shown that any jwooeas other than the li^t 
adaptation process is in all probability a specific effect and this will necessarily 
apjdy to the dark adaptation process. Further, the adapting radiation oan 
only produce a specific effect along those paths in which it arouses a specific 
response and the effect of a radiation such os 0*66 (i will be to produce a 
general depression of sensitivity that affects all three responses, and a specific 
effect that is confined mainly to the R' response. Hence the enhancement 
of the Q' response due to the initial dark adaptation will not be destroyed, 
thus permittmg the rapid recovery of the green. Henoe the change in slope 
of the curves as the wave-length of adaptation is varied is to be expected, 
while on the other hand variation of the intensity of a white adaptation, which 
produces responses along both the R' and Q' paths, should cause only a small 
change m slope of the recovery curves. 

If the same argument is applied to the bine curves, it would seem that no 
specific enhancement of the blue occurs during prolonged dark adaptation, 
since complete recovery from any period of light adaptation is always attained 
after 2 or 3 minutes. This abnormal behaviour of the blue may also be 
associated with the absence of any epecifio bloc depreetion with bine adapta¬ 
tions and with the small positive blue observed when red, yellow or green 
test oolours are used. 

It must, of course, be realized that this discussioa of dark adaptation retfars 
only to the fovea and cone vision. While the processes may be mmiUr fii 
eztra-foveal vision, no conclusions arrived at in this paper oan be legttimately 
extended to the rods. 

The diagrams in fig. 14, while of general interest, ate of no special theoretical 
value in themselves. The change in direction of the recovery paths, for 
instance, is simply the result of one re^nse reoovering before the others. 
It is interesting to note that only with adaptation radiations in the region of 
0*68 |t, is the induced colour change in the direction of the oompfementeay 
odonr. 
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Previous InveOigations. 

There have been many reseaiohee carried out on adaptation by other investi¬ 
gators, but while many of them have been of a quantitative nature^ a large 
number have merely been descriptive and of no permanent value. A number 
of investigations have been directed towards the development of the tri¬ 
chromatic theory, but although numerical data have been obtained, the 
results have almost universally suffered from two main defects. In the first 
place, the measured quantities have only been indirectly related to the colori¬ 
metric characteristics of vision and no very useful interpretation of the results 
has been possible. In the second place, in measuring the effects of adaptation, 
no account has been taken of the recovery that sets in immediately the adapting 
light is out off. Thus it has been the common practice to give results without 
stating the time from the end of the adaptation at which they were recorded ; 
and no attempt has been made to measure the aotiml course of the recovery 
process. 

For these reasons it is impossible to make any very valuable comparisons 
between the present work and that of other experimenters. So far as they 
go, the results of Hess (1890), Burch (1897), Edridge-Green (1921), Porter 
(1912), Abney (1913), and Hamilton and Laurens (1923) are in agreement 
with the results given in this paper. Abney’s experiments are perhaps the 
most closely allied to the present work, but they are not exempt from the two 
defects mentioned above. 

Allen (1932) has made a series of experiments in which ho determined the 
sensitivity of the eye before and after adaptation by measuring the critical 
frequency of flicker for various test colours. His experiments certainly 
suffered from the second defect in that no record is given of the time at which 
the observations were made, nor is the course of recovery determined. His 
concluBions have been oriticsised by Guild and the author (1932) on the grounds 
that flicker phenomena found for one state of adaptation cannot safely be 
extended to other conditions of adaptation. The chief erroneous conclusion 
is that adaptations with some radiations enhance the 8 ensitivit 7 of the eye to 
other wave-lengths. Bufiddent evidence has been brought forward in this 
paper to show that when the eye is adapted to a given intensity A, its sensi¬ 
tivity is less than when it is adapted to a smaller intensity oA, a being less 
than unity. Allen’s results may be due, not only to the uncertain nature of 
the flicker experiment, but also to the uncertain relation between the intensities 
of his adaptation radiatiem and test colour and the level of light adaptation in 
which the eye was initially maintained, none of which are precisely defined. 
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Lythgoe and Tanalej (1929) also tising the oritieal firequency o£ flidker 
method, have investigated the sensitivity of the eye under difEeient oonditiaoB 
of adaptation, and although their reeuhe do not lend themselvee to any direct 
comparison with those given in this paper, the two sets of results are not 
contradictory at any point. 

Numerous experiments on the Weber-Feohner law have a bearing on the 
subject of this paper, but they cannot be referred to here in detaiL An 
experiment by Sohjelderup (1920), however, is of great value in supporting 
the conclusion that the instantaneous response is proportional to 1 and not to 
log 1. He carried out experiments using a test field of intensity % and a sur¬ 
round field of intensity 1 and found that Weber’s formula was modified to 

At = at 61, 

a and 6 being constants. When 1 was appreciably higher than t, At became 
independent of t. This is exactly what should occur on the basis of the atgu- 
mmt developed earlier. The high surround intensity produces a state of 
adaptation that is unaffected by the lower intensity of the test field; a change 
in the magnitude of the test stimulus thus produces a change in the response 
without any change in the state of adaptation. The experiment effectively 
eliminates adaptation os a variable, and under these oiroumstances it is found 
that to produce a given change in the response, a constant increase in the 
stimnluB is required and not an increase proportional to t. 

Measurements by Chaffee and Hampson (1924) on the action potential of 
a frog’s retina showed that previous stimulation with monoohromatio radiations 
did not produce any specific effect on the action potential developed by other 
radiations, but caused a more or less uniform depression of sensitivity through¬ 
out the spectrum. This is in agreement with the conclusion arrived at above, 
that the major effect is a general depression of sensitivity. 

Hecbt (1929) has elaborated an attractive photo-chemical theory of adapta¬ 
tion, but the particular equations postulated do not agree with the e^wri- 
mental data obtained here. The panoity of useful information on which to 
base a theory has msant that all such attempts must inevitably be very pte- 
carious and uncertain. The lesponse curves also deduced by Heoht are 
supported by the colour adaptation experiments. They have glao been 
oritieixed on other grounds. 

In addition to the papers already referred to, very valuable surveyi of the 
sabjeot and reviews of previous woric on this and allied pheounneiia axe given 
by Fhisoos (1924), Lythgoe (1926) and Adams (1929). 
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ConAueiong. 

So many theories of visual prooeases have been built up in the past, the 
majority on very insecure foundations, that further attempts can only be 
justified when new information of a significant oharaoter is forthcoming. 
Even then, the reasoning linking physical measurement with its physiological 
counterpart must always be accepted with caution, and measurements on 
colour adaptation cannot be excepted &om this rule. For this reason it is 
not proposed to amplify the deductions that have already been made, but 
merely to summarize them briefly. 

It has been shown, then, that there is almost certainly both a general and a 
specific adaptation mechanism» and it has been found that the general process 
operates by the existence of a photo-sensitive substance that is regenerated 
at a constant rate. The results also show that the instantaneous response 
aroused by a stimulus is directly proportional to the magnitude of the latter 
(over a mean range of intensity), but owing to the process of adaptation, the 
response is rapidly reduced to on approximately constant level. The effect 
of varying the wave-length of adaptation is to produce a greater relative 
depression of sensitivity of one or other of the three responses, but the results 
seem to suggest that the incident light reacts with one photo-sensitive sub¬ 
stance to produce three different products, rather than with three distinct 
photo-sensitive substances. The proportions in which each radiation stimulates 
the three responses have been determined, to give the fundamental response 
or excitation curves. Experiments with high intensities of adaptation have 
shown that either the photo-sensitive material is broken down in some abnormal 
manner or that the spectral transmission of an intervening pigment or substance 
is altered by the high intensity. 

These lesults are not sufficient in themselves to detennine the unique system 
that underlies the phenomena, but they do provide a framework that should 
be of material value in eventually forming a satislaotory theory of colour 
vision. It is to be hoped that direct physiological evidence will bo forth¬ 
coming to confirm the conclusioQS arrived at here and to amplify and extend 
them. 

In condusion the author wishto to esqpiess his very sincere thanks to Mr. 
W. J. Morgan, who assisted in the initial stages of the work; to Mr. F. H. G. 
Pitt, who bad the rather thankless task of recording the majority of the 
observations and rendered very valuable hdp in many other ways; to Professor 
L. C. Martin for his interest and suggestioas throughout the work; and to the 
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Medical Besearoh Ccmnoil for their aasutanoe aiul pennuaion to 

publish these results. 

Summary, 

The effects of light adaptation have been measured by first matching the 
test colour, as viewed by the right eye, against a mixture of throe primaries 
derived from a trichromatic oobrimeter, as viewed by the left eye. The ri(^t 
eye then gases at a third and more intense patch of light until it is adapted 
to the higher intensity level, when the test colour is viewed again. The effect 
of the adaptation is measured by re-matohing the primaries against the test 
colour and successive matches give the course of recovery of the initial state of 
adaptation. The left eye thus acts as a standard of reference against which 
the changes produced by various conditions of adaptation have been measured ; 
for different intensities and colour and for varying times of adaptation ; and 
for various wave-lengths and intensities of test colour. The analysis of the 
results shorn that there is a main process of adaptation that operates through 
the regeneration of a photo-sensitive substance at a constant rate. The 
instantaneous response aroused by a stimulus is found to be directly propor¬ 
tional to the magnitude of the latter, but owing to the process of adaptation 
the response is rapidly reduced to an approximately constant level. This is 
shown to be the true interpretation of the constancy of the Fechner fraction, 
as opposed to the suggestion that the response is proportional to the logarithm 
of the stimulus. By locating the three hypothetical stimuli in the colour 
triangle corresponding to those sensations that con be modified in intensity 
but not in colour, no matter what the colour of the adaptation may be, it has 
been possible to determine the fundamental response or excitation curves. 
The curves obtained do not differ very greatly from Konig’s fundamental 
sensation curves.” Measurements on the effect of varying the wave-length of 
adaptation show that there is a specific effect on each response as well as a 
general depression of sensitivity, and the results indicate the probability 
that the incident light reacts with one photo-sensitive substance to produce 
three different products, rather than with three distinct photo-sensitive sub¬ 
stances. Experiments with high intensities of adaptation show that with 
retinal illuminations above about 15,000 photons, one or more of the visual 
processes break down and abnormal effects are introduced. 
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Experitnenial Pituitary Basophilism. 

By KainnETH W. Thompson and Habvet Cushing (For. Mem. B. 8 .) 

(Worn the Libontoiy of Smgioel Bceeiroh, Herv&rd BlecBoel SohooV) 

(Raceived January 12, 1234.) 

[PLATHi S-5.] 

The dual purposes of this study were: ( 1 ) to determine whether prolonged 
injeotionB of the pituitary gonadotropic hormone would reproduce in animah 
any semblance of the malady known as pituitary basophilism *’; and ( 2 ) 
thereby to throw further light on whether the basophilic elements of the 
pituitary body are actually the source of this hormone, as has long been assumed 
though without wholly conclusive proof. 

Briefly stated, clinical gigantism and acromegaly are aasooiated with adenomas 
oomposed of aoidophilio cells of the pars distalis and these disorders may 
therefore be regarded as states produced by ** pituitary aoidophiliam.*’ Another 
more recently described clinical syndrome (Cushing, 1932) is aasooiated with 
an actively secreting adenoma oomposed of basophilic elements, this condition 
in contrast having been conveniently termed “ pituitary basophilism.*’ 

The conception that these and other adenomas of the ductless glands such 
as those of the parathyroid glandules and pancreatic islets represent actively 
secreting con^merations of normal oells rather than inert pathological 
lesKHis has only of late come to be fully realized. Tlie syndromes produced 
by the pituitary adenomas difler £rom all others because of the widespread 
polyglandular changes which they evoke. The only satisfactory way to 
study the nature and extent of these secondary glandular efEeots and thus to 
expedite our knowledge of the pituitary disorders is by reprodooing them in 
animals. 

After many years’ delay the experimental reproduction of gigantism and 
acromegaly was finaUy brought about (Evans and Long, 1921; Putnam, 
Benedict, and Teel, 1929; Evans, Meyer, and Simpson, 1933) by bng-oontinufid 
injection of the growth honnme. The gonadotropic principle, oa the otiur 
hand, has hitherto been employed only for its acute sex-maturing effects. 
Apart from the experiinentid prodnctimi of gigantism and acromegaly and the 
recent prolan-plus-growth-homuHie experiments by Evans and hia oo-worken 
(1938, b), no reports of long-term injections in animals of other principlee of 
the hypophysis have been made. 
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Qmadotirofic Ecfiiiiume$* —^We are not directly oonoemed here with sex- 
maturing sabfltaaoea other than those obtained from extracts of the pituitary 
body. When in 1927 Asohheim and Zondek announced their disooveiy in 
the oiine of pregnant women of the substanoe “ prolan/’ it was thought that 
a new and convenient souroe of the pituitary sex hormone had been found. 
Bvidenoe, however, from many sources Engle, 1929, 1933; Evans and 
Simpson, 1929, 1932;'' Riddle and Polhemus, 1931; Wallen-Lawrence and 
Van Dyke, 1931; Leonard, 1933; and Bhookaert, 1933) serves to make clear 
that the two substanoes while aiwiihij in their action are not identical. 

Nevertheless, ^t prolan bears some close relationship to pituitary function 
is unquestioned and Evans and his associates have recently demonstrated that 
when combined with growth extract it is rendered far more active than other¬ 
wise. Injected into rats and dogs (Evans and co-workers, 1933, b) this mixture 
produces external evidence of csstnis and lactation, and internal evidence of 
activity of the organs of reproduction. Bo far os we can see, these iiitereBting 
observations have no bearing on the niatter in hand. 

Methods of extracting the gonadotropic principle from the pituitary body 
have been given by Bugbee, Simond, and Grimes (1931), by Van Dyke and 
Wallen-Lawrence (1933), by Fevold, Hiaaw, and Leonard (1931), and in a 
publication which appeared just as our experiments were concluded, Evans, 
Heyer, and Bimpson (1933, a, pp. 87 tteq,) have described what is probably 
the most elective method for its preparation. While no comparative study 
has been nmde of the precise effects of these different extracts, there can be no 
doubt that a highly active, water-soluble principle, which causes stimulation 
of the gonads of immature and hypoph 3 rBeotomi 2 ed rats, may, by all three 
methods, be obtained firom pituitary glands, more abundantly from those of 
sheep. 

1 . 

The different methods of preparing an extract which were availaUe to us 
were: (a) the alkaline tricresol method of Bugbee and co-workezs (1931), 
(6) the pyridine method of Fevold and co-workers (1931), and (o) the alcohol 
precipitation method of Van Dyke and Wallen-Lawrenoe (1933). For our 
purposes the alcohol method was found, after prolonged trials, to be moot 
suitable and guided by the authors’ description of the procedure, with a few 
modiflostions to suit our fisoilities and convenience, the extract was prepared 
as fdlowa. 

One hundred fresh sheep pituitaiy glands, cleaned of bone and dural frag¬ 
ments, are well ground in a mortar with two or three volumes of powdered 
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quarts, and tiiia mixture is suspended in 1 litre of 0*02/N ammonium hydroxide. 
This snspenaion is allowed to extract with frequent mixings for 24 hours at 
room temperature. Enough N/1 hydroohicffio acid is then added to bring 
the j 9 g of the mixture to approximately 6*6, and when equilibrium is reached 
the mixture is oentriftiged. 

Five volumes* of 95% ethanol are then added to the clear, pinloBh. super¬ 
natant fluid, and after stirring, the precipitate is alloi^ed to settle-out during 
tha night so that in the morning most of the supernatant fluid may readily 
be removed by suction. The remaining sludge is centrifuged, the supernatant 
discarded, and the precipitate taken up in distilled water. A large porticm 
of the precipitate remains insoluble, and these irreversible proteins are removed 
by centrifugation. 

The supernatant fluid, containing the active principle, is again precipitated 
with five volumes of 95% ethanol, and from this point the extract is treated as 
if sterile. The centrifugation of the alcoholic precipitate is made in sterile 
cups, and the precipitate is resuspended, this time in 500 c.o. of sterile Ringer’s 
solution. It is again centrifuged, to remove as much as possible of the remain¬ 
ing irreveniblc proteins, and is finally placed in a sterile bottle, capped with a 
rubber stopper through which a needle can be introduced for removal of smaU 
quantities. 

The final product thus represents derivatives of one gland for each 5 c.o. 
of extract. Further extraction of discarded precipitates did not yield enough 
activity to warrant pursuit. Cultures were taken on broth of four different 
batches of the extract, and one culture was made for anaerobes; all were 
nigativo. 

In brief, the extract as prepared above was presumed to contain nothing 
but the gonadotropic hormone of the pars anterior. The growth hormone 
and lactation principles were supposedly removed in the insoluble alcohol 
precipitate, and the posterior lobe hormone was either destroyed by the alkali 
or carried away in the supernatant alcoholic solution.t 

* Five volume! of aioohol rather than exactly 70%, as called for by Van Dyke el oL, 
an used became this has been the concentration used by Smith and Smith (1033) in their 
•xtiaotioDB of the blood and urine of eolamptics. Since we were already fiuniliar with other 
pbsnwnena of this type of extavt, it was thou^t best %o make comparable pcepanticos. 
Aho, extnots of urine of pregnancy made by the same method were compand with the 
hypophysial extract. 

t there was a poanbllity that minute quantities of poatcrior lobe extract mi^^t have 
bosA oanied down into the precipitate. However, 66 c.e, of the estiaof injeeted latsa- 

vwHSisfy In a dpg produced no alteration of poise, biood-isMsqrs, or fs^piiatlo^ Mlnsty 
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II. The Effect of the Ejdract upon Bala. 

(а) The Hundred-houT Test on Inmaiure JIato.--When tested on inmiaton 
female rata by the Zondek-Aachheim method, a cubic centimetre of the prepara¬ 
tion was found to contain from one to two rat units, depending upon the batch 
tested. The reaction produced was luteiniaation of the ovaries with no 
appreciable effect upon the uterus, which remained pale and small The vaginal 
membrane did not rupture. 

(б) The Hwidred-hour Ten on HypophyaeoUmized Rata. —Young, female 
rats which had been hjrpophysectomiaed before attaining sexual maturity 
and which had been observed for several weeks were first subjected to laparo¬ 
tomy for examination of the ovaries and uterus. From two animals whose 
ovaries showed no corpora lutea, one ovary of each was excised for histological 
study. After recovery from the operation each of the animals was injected 
with four rat units of the extract divided into six doses. One hundred hours 
later the animals were killed and when examined each of the remaining 
ovaries showed several small corpora lutea, with definite interstitial activity. 

(c) LcmgAemn Injeotiona into Rats .—Immature female rats fed on an effective 
growth-stimulating diet* were given daily injections for 65 days with 2 c.o. 
of the extract. This doee, depending upon the potency of the particular 
batch, represented two to four rat units per day. The animals were weighed 
fluently, and at intervals vaginal smears were made for several days in 
succession. 

The first abnormal effect to be noted was the development of pronounoed 
raggedness of the animals’ fur which became coarse and brittle. If an area 
were shaved, the regrowth of hair was slow and sparse. Although the injected 
uiiniak became quite fat, in two to three weeks it was noted that the gain in 
weight to be expected of rats on the special diet did not take place. In spite 
of their good appetite and normal health, the injected lata fell behind their 
uninjected littermate sisters in weight and even more in stature. 

minutes after the injection the blood sugar was 163 mg. %. The dog had been fiMting ibr 
at least 18 hours. Dr. Oliver Kamm, of Parke, Davis and Company, kindly tested the 
extraot for us and found it free from both p re ss o r and oxytocic factions. He happened 
at the same time to test the peepantlon on the pigeon a^ found that in addition to its 
sex-maturing response It gave the reaction of pcolaotin. This effect would not have 
been observed on our immature paiq>ies. 

* This diet was devised by Osborne mud Ifendel (1026). The growth produced by this 
and other diets when fod to normal and hypophyseotomiaed rats has been reported In 
detail (Thompson and Gaiser, 1932). 
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The Tuptaie of the membrane of the introitiia was mooh delayed in the 
injected rata. When opened, both introitiu and vagina appeared atrophic. 
Vaginal ameara of all of the injected animala ahowed a few epithelial oeDa and 
many lenoooytee but never a amear typical of OBBtma. In aome inatancea male 
rata were allowed to remain for weeka in the oagea with the injected femalea, 
but no pregnancy reanlted. A definite temperamental change in the animala 
ahown by irritability with their fellowB waa alao obaerved. 

The moat marked pathological variationa from normal were noted in tiie 
ezceaaive amount of body frt, atrophy of the thymua and hyperpLiaia of the 
ovariea. No appreciable change, either groaa or microBoopio, waa obaerved in 
the adrenal, parathyroid, or thyroid glanda. The ovariea were marked^ 
overdeveloped and nnmeroua corpora lutea were preaent. The ntenu remained 
■mall and atrophio. 

III. The Effect of the Extract on an Immatme Dog. 

The experimental animal and ita littermate aiater were pedigreed, white foz- 
teirier femalea 8 weeka old. Both were weD formed, active and healthy, and 
abnoat identical in their appearance. The animala lived aeparately in meta- 
boliam oagea, bnt were taken out of doora for exetdae two or three timea daily. 
Once a day they were generoualy fed an identical diet which waa modified from 
time to time aa they grew dder. Once every week cod liver oO waa added to 
their food. During the 90^y period of ohaervation neither dog aufieted from 
any inneaa. 

How well a pappy would tolerate auboutaneoua injectiona of the extract waa 
unknown at the b^pnning of the experiment, nor had it yet been determined 
whether the extract had been rendered wholy free firom poaterior lobe hormone, 
the neoroeing eSeots of which might conceivably be tronbleaome. For theae 
reaaona the initial doae waa small. Starting with 1 o.o. it waa increased to 
60 o.c. in the course of the first week aa tolerance to the aabontaneoua injection 
was demonstrated. 

FaOuHogiaal Findinge ,—^No new features having developed both 
were killed on September 8, the 93rd day of the ejqwrimoit, by the intravenous 
injection of 80 o.o. of air. The examinaticms of the bodies were carried on 
simnltaneonBly by two observers. The oontraat between the normally lean 
control and the adipose experimental animal was even mote apparent alter 
death. The vulva of the injected animal was suirounded by chuters of flat, 
suggofting the appearance of a aorotum, but there were no external evidences 
of iMiaal maturity. 
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Frotoool. 


DaU. 

Control animal. 

June 5 . 

Weight: 3210grama. 

UriM: negative. 

June 7 . 

— 

June 13 . 

Weight: 3600grama. 

Faa&g Uood augar: 113 mg. %. 

June 14 

— 

June 28 . 

Photographa taken. 

July 1 . 

— 

July 10 . 

Weight 1 4800 grama. 

July 12 . 

Total of 10-day urine outjput: 2376 
0 . 0 . Kxamination negative. 

July 14 . 

Photographa taken. 

July 15 . 

Weight: 6000grama. 

July 18 .. .. 

R.B.C.: 0,060,000. 

Hb: 90%. 

Blood aemm calcium: 10*4 mg. % 
(foatingl. 

Plaama phoaphataae : 0*32 unita. 

Baaal metaboliam readinga made. 

Jnfy 26 . 

Serum oaldum: 11-6 mg. % (faat- 
iag). 

Asfurtl . 

Weight: 6460 grama. 

Length; 60'8om. 

Ana on the right flank abaved. 

Augaat8 . 

Sugar tolerance teat (6 gm. aucroae 
per kg.): 

Faating . 102mg.%. 

1 hour . 138 „ 

8 „ . U« „ 

3 „ . no „ 

Auguat 11 . 

Photographa taken. Shaven ana 
oovared by new hair, fig. 3, %te 3. 

Augnat 16 . 

Pfaotogimph to ahow retarded denti¬ 
tion of control, flga. 4, 6, Plate 4. 

Augoit 17 

Serum oaldum: 18*0 mg. % (foat- 
ing). 

Serum pboapborua : 7*6 mg. % (foat- 
ing). (Serum badly bemoliaed.) 


InjeoUd aninul. 


Weight, 3370 gmm. 

Urine: negative. 

Daily aaboataneoua inJecUona of ex¬ 
tract began. 

Weight: 3630grama. 

Vaatmg Uood augar; 114 mg. %. 

GO 0 . 0 . extract, (Uily to Aagnat 1. 

No difference in aninula noted. 
Beginiiing adipoaity flnt obMrved. 
W«ght: 6250 grama. Obeaity and 
ret^ation of growth noticeable. 
Total of lO-day output; 3690 o.o. 

Kxamination negative. 

Marked diffeienoe in animala apparent* 
ffga. 1, 2, Plate 3. 

Wright: 6080 grama. 

B.B.C.: 4,700,000. 

Hb: 70%. 

Blood aenuD caJciam : 12*4 mg. %. 

Plaama phoaphataae! 0*36imitB. 
Sugar tolerance teat (6 mg. aucroee 
per kg.); 

Futing . 103 mg. %« 

i hour . 124 „ 

1 ..129 

2 .144 „ 

3 ,, ...... ... 140 ,, 

Metaboliam 70% below that of con¬ 
trol. Five readinga were taken, 4 
were oondatent. 

Serum oalcinm; 12*2 mg. % (bat¬ 
ing). Noticeable retaidation In 
dentition. X-raya of long boom 
ahow no appfe^ble atraotnnd 
change. 

Weight: 6860grama. 

Length: 61*1 cm. 

Same, for atn^ of growth of hair. 
Daily dote of extract inoreaaed to 
75 0 . 0 . until Aagnat 20. 

Sugar toleranoe teat (6 gm. aucroae 
per kg.); 

Faating . 98 mg. 

1 hour ^. 144 „ 

2 „ . 135 „ 

3 .... 120 „ 

Shaved area remalnB hairieaa and 

duaky in colour. Animal plajrfol and 
affectionate with keepen, but eroaa 
with and jealoua of her control. Pro- 
tuberanoo of abdomen obvioualy 
Increaaing. 

A looee eyetooth extracted for hiato- 
logloal atudy ahowed nothing 
deflnite. 

Serum oaldum: 14*3 mg. % (faat¬ 
ing). 

Serum jdinapbonia : 6*8 mg. % (foat- 
ing). (subtly bemoUied.) 
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Froloool—(oontinned). 


Date. 


Ooatrol AoiauJ. 


lojectgd Milwal. 


jtafOil 18 
Ampmt 18 

JUifott 20 
Aofwl tl 
AngnrttS 


Angwt 24 
Afignt 80 

▲ogoit to 


AnfwtOO 


Wdgii^; 0800|naBit. 
UHdbi O 0 g»tiTe. 
Metftbodim d«tenBiiiAtloi!i« 


Lep^th i 80*7 om. (Up of note to tip 

fiLB.O.?'8,800.000. 

Hbs 00%. 

W.&C.: 14.000. 

Mjaittiii 78 

J^raphooTUii 88* 

lUni^i& 0 * 

BMophik 0 * 

No thoormtd oeOi 

Totalurliia^outpatin lOdaji I 1700 
0.0 i negative. 

fiemm oaldnm. ll'0%iiig.% (&«t- 
mg). 

Beram plKupboriii . 8-0 mg. % (&at- 
ing)* 

Bagair toleimnoe toit (8 gm. of anoxoiel 
per kg.): 

188 mg. %• 

1 hour 184 

8 188 „ 

3 M 118 

No gljooearia to 800 gm. of idotow. 


Weight t OSOOgrame. 

Unite: nentive. 

Rmt^Ungp avexage M% beknr Utter- 


Four 

emvlateitt. 

Dalfy done of extract 

100 0 . 0 . 

Lengths 88*3am. 

&B.0. r 4,480.000. 

Hb: 70% 

W B.C. I 18,000. 

D U fe i e nt ial I 
PicriTBiofphe 
I^phooytee 
MonooTtee 
BodnophUi 
Baeopnib 
No ahnormal oelli. 

flames 1040e.o«i negative 

Serum oeloliim: 18-1 mg. % (leet- 
mg). 

Seium phoepbonw ; 6*3 mg. % (Ihit* 
ing). 

Sugar toleranoe teet (8 gm. ofeuoroee 
per kg); 

- fir* 

>>« .. 

3 f, 188 ,. 

Otpooeuria marked to 800 gm« of 


At«M81 

fiepteberl 

SeptembeiO 

Beptmn bar 7 
8eptnnhir8 


Fhotqgrapba. GBiaved area oUiter- 
atedliy new hair, 8g. 6, Plate 4. 


No gbooeufte to 800 gm. of nome. 
Artodal blood pmnue (ftmoial 
pimotpie)178/17d; 

AtohhtfcZondik oxtoo teto: nrga- 
tivo. ^BabUto and mto i two ob- 
•erma) 

Uiinaiyoii^otinpaetlOda^: 1700 

0 . 0 . 

Weights dOOOgnune. 

Arteitol p f u m uie (ftmoial oamrala) 
160/180: 


Shaved area tow ooerae hain. Oeoaial 
aooentaatkm of fonner ooodUlloQ. 
FoUt oi tot enoirole badj (tf* 

8, 7. 8. Phdee 4, O).^* 


BU^ht^mra^to 800gm« ofraenee. 


immu re 
punotore) 170/10K 
tceta aim negaUve. 


Same: 1080 0 . 0 . 

Weight; 8400pame. 

Arterial pnmure (femoral eaiwola) 
140/110. 


nie most stnking diffenooe on section wm tiie qute unexpected pallor of 
tim tiacuee of tbe injected aninia^ Whik this inm nuxre mariced m the muacke 
it involved ptactioaljf all sfcmotuiei exo^ the enlarged and prominent liver. 
Ihe change web even appizent in some of the ductieas j^ands which wen 
cakeAiDy removed, dkaeoted dean of connective tiame and immediately 







Thfnnpson and (Uishwg. 


Pri)C. Hog, >Sor., /^, rr>/. 115. Plate 3. 




Fici. I. 


Kio. 2. 



Fig. 3. 

Ki*is. I and 2.—(’nmparativo eonditinn of animalH on July 14 afior 37 davK ; 
toat animal im right. 

Fio. 3.—(Joinjiamlivo apiK^araiiiT of nIihmhI areaH 10 days later. 


( Fut‘itUi t»4 ) 







Fig. fl. 


Kios. 4 Hiifl — TIh' conipiiratix*• HJati* of di'iititloii of fontiol and inj 'ctt'd iiiiiinalH on 

August Mitli, after 72 flays. 


Kig. 0.—('oini)arntivi’ ttppt'Rranfs* (»f sIiummI an'HH in tlie two aiiiiinls .‘id days later. 



Thompson and Vaskinp. 


/Voo. Roy. tioc.y H. voL 115, Plate 5. 




Kin. H. 

Kioa. 7 and H, (.'onijNirative condition of anitnalH on Au^ust Hist, lifter 85 days of cunliimonH 

injection of the t-rst subject to npht. 

Fin. 0.—TIic uteri uiid oxories of the two nninials (roritrol below). 
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imghed, TMb I. Apwt horn thii ooloiir change then was no observable 
gross difieroioe in the sise or appeanooe of the endocrine organs. The tdenis 
and oconsf, however, wen atnqihio. pale and smaB. the entin reproduotive 
system being less well developed than the still immaton sex organs of tiie 
oontrd, fig. 9. Plata 5. 

The abdomen and pelvis of the injected animal contained great mnsses ci 
fat. and the mesentery was exceptionally fistty. The heart was tmalUr than 
tiiat of the control; the livef was one-thiid larger and the stomach slightly 
larger. The spleen, on the other hand, was only half the normal sice and the 
hidnegM wen somewhat smaller, the cortex measuring 1 mm, thinner than tiie 
control. 

The boner gave evidence of lack of development. Nodes at the oosto- 
ohondral junctions showed cm oross-section a U-shaped line of oarifioation. as 
contrasted to the straight line of the normal. The femur of the injected dog 
was 9'3 cm. long compared with the normal. 12-2 cm. The tibia of the injected 
dog was 9*7 cm., the normal. 12-9 cm. The vertebre wen much smaller in 
the injected dog. X-ray studies showed no discernible changes of a patho¬ 
logical nature either in the long bones or skull of the injected animal. 


Table I.—^Weights of Organs. 


Thyroid gUod . 

Thymugfauid . 
Heart 
linr 


Futonas . 

OISBOll . 

Utam and OTarim 

Kidnyt. 

Jkdwnli . 


Normal. 

gm. 

Control. 

gn. 

101 

1-00 

3-87 

3-09 

000 

000 

370 0 

490-0 

80-0 

90-0 

17-1 

17-0 

ll-S 

6-03 

111 

0-9S 

70-8 

09-8 

078 

0-78 


Hietdlogioal Bmminaiion ,—^The hutologioal deviations from the normal ia 
the tissues of the injected animat are chiefly seen in the thyroid, utems, ovariea, 
muscle, and Kver. There an no changes anywhen apparent in the periplntel 
arterioles. The ipleen, pancreoi, and pihntarif pbndr of the two are 

indistinguishable. The oonyohited tubules of the kidney of the injected 
animal show a considerable amount of fat in the cells, which ^is not appentkt 
in the control. 

The thyroid of the test animal shows large acini distended with inspissated, 
heavily staining colloid and lined by exceedingly low epithelium. This is in 
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marked oontrast to die normally aotiTe appearing ^and of the control in 
nhioh the acini are the amount of ooDoid scanty, and the epithelium of 
onboidal type. The parathf/rdd ^andules of the test a nim al shonr no 
reoogniaable evidence of activation. They contain a greater number of oells 
of large type, but mitotic figures were detected only in the glandules of the 
oontroL The slightly larger adrmctU show the cells in the zona fascioulata to 
be larger than those of the control owing to increase of lipoid. 

The uterus compared to the cantrols shows an infantile type of endometriunL 
The ovaries are distinctly less advanced in their activity than those of the 
control in which animal there are many maturing follicles with abundant 
granulosa and multiple ova. 

In the enlarged liver of the test animal the histological change is most 
striking. There is no deposition of fat as was expected, bat the cells are highly 
distended with glycogen. Professor Wolbaoh states that he has encountered 
a similar change only in von Gierke’s disease. 

A remarkable change was also apparent in the test animars striated muscle, 
both cardiac and peripheral. Whereas in the muscle of the control animal 
the striationa are sharply shown, in the test animal they are scarcely distin¬ 
guishable. Unfortunately no pieces of muscle were fixed in alcohol so that 
staining for glycogen was precluded. 

Summary of Laboratoryf Clinioal, and Pathologiixd NoUa. 

From herlittermate sister, who during the 93 days of observation grew into 
a lanky, active animal, the injected puppy differed in the following ways:— 

(1) She had become exceedingly adipose, slow in movement and petulant 
in dupositicm. She nevertheless appeared to be in good health. 

(2) There was a retardation of skeletal growth, delay in the normal dentition, 
and extremely slow growth of hair. The serum calcium values were invariably 
higher than in the control. Calcium elimination, however, was not determined 
and the bones showed no roentgenologioal or pathologioai evidence of de> 
oakifioation. The parathyroid glandules showed no demonstrable hyper¬ 
plasia. 

(3) Compared with the control, she had a markedly subnormal meta- 
bolio rate and the thyroid proves to be definitely colloidal in type with low 
epithelium. 

(4) The carbohydrate tolerance was diminished though there was do 
spontaneous glycomria. The liver (and possibly the muscle) was heavily 
loaded with glyoogeotL 



Experimental Pituitarjf BaeophUiem. 97 

(6) No nephro-vasonlar disturbances were olinicall 7 or pathologically 
evident. Them were no hypertensive effects, rather the reverse, the blood- 
pressore having been lower than in the control. The blood showed a moderate 
flMmia and the spleen was small. A striking pallor of moat of the tissues was 
apparent after death. 

(6) Instead of the expected sexual ripening, the normal maturation was 
retarded compared with the control, the uterus and ovaries of the injected 
puppy being the more infantile of the two at the conolusion of the experiment. 


DiscusEton. 

Both in experimental gigantism of rats, as first produced by Evans and 
Long (1921) and in the experimental canine acromegaly produced by Putnam, 
Benedict, and Teel (1920), the growth extract employed was oontaminated by 
some of the gonadotropic principle whose separable effects were not yet fiilly 
appreciated. The experimental syndrome was consequently a mixed one in 
which unaccountable secondary ohangee in the reproductive organs occurred. 
Evans and his co-workers (1983, a) using a more purified extract have since 
produced overgrowth in dogs without disturbing the organs of reproduction, 
though the other secondary polygrandular effects suoh as those on the th 3 noid 
and adrenal glands together with an hypophysi^panoreatic-islet imbalance 
all oocnrred. 

Thus canine acromegaly has been experimentally produced without co¬ 
incidental disturbance of the apparatus of sex. In this disorder as it occurs in 
man the gonadal functions are not impaired by the excess of growth hormone 
but only when the adenoma producing it reaches a sufficient size to inhibit by 
pr o as u re the elaboration of the gonadotropic hormone. When secondary 
gonadal effects do occur, therefore, they are always those of inactivation as 
expressed by amenorrhoea and impotence. This at least is our interpretation 
of Ihe malady. 

While the growth hormone has thus come definitely to be associated with the 
aoidophilio elements, there has been doubt expressed regarding the cellular 
souroe of the anterior hypophysial gonadotropic substance. It has been 
thought to be a product of the basophilic elements, but this has never been 
satisfiactorily proved. It has seemed reasonable to assume that if some of the 
more striking clinical features of pituitary basophilism could be produced in 
aniTTutla by the long-term injection of a gonadotropic extract of the pituitary 
body it would tend to estabtish this relationship. 
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Pitaituy buophilism ocoutb more frequently in women than mm, and more 
often in young pereoni, partHmlarly at or about the time of adoleeoenoe. How 
early it may occur ii unknown for there have been no oaaee in which the diamder 
has been pathologically verified in early childhood. Its eyndrome will doubtiees 
be found to differ at different ages, but its general features in young persons 
are a rapidly acquired adiposity; a retardation of growth; a peculiar dusky 
plethora of the skin ; falling of the hair of the scalp while the secondary hirsu¬ 
tism of sex becomes exaggerated ; a partial deoaloification of the skeleton with 
increased calcium elimination ; a tendency toward hyperglycsamia; inactivity 
of the thyroid shown by a low basal metabolic rate; amenonhoea with atrophy 
of the uterus; and finally, hypertension with terminal atherosclerosis. 

lake acromegaly, pituitary basophilism therefore is a polyglandular disorder 
in which the activity of parathyroids and adrenals appears to be increased and 
of thyroid and pancreatic islela diminished. The sex glands (supposedly stimu¬ 
lated at the outset) ultimately become inactivated so that in the female the 
ovulatory cycle is not completed and the uterus atrophies. 

In this experiment with two littermate, pedigree fox terriers, a condition 
highly suggestive of the clinical disorder was produced. The injected animal 
became adipose and plethoric ; the body growth was definitely checked; the 
growth of teeth and hair was retarded ; the basal mctaboUc rate was markedly 
subnormal; the serum calcium was high and the sugar tolerance low. 

Wholly missing from the syndrome, on the other hand, were the expected 
early maturation,* the erythremia, and the evidences of h]rpertension. On the 
oontrary, the ovaries and uterus remained small and failed to show in com¬ 
parison with the control even their normal development. The blood changes, if 
anything, were on the side of a destructive process rather than the reverse, with 
a smaller spleen, a lower blood oount uid hoemoglobin than the control, 
together with a lower blood pressure. At autopsy a peculiar pallor of the 
muscles as well as of other tissues such as the thyroid was striking. 

The massive glycogen storage in the liver and its possible relation to 
von Gierke's disease, in which a similar condition occurs, would ^pear 
particularly significant. In this disorder the pituitary body does not appear to 
have been examined nor has an hypophysio-panoreatio-islet imbalance been 
suggested as its cause. The normal glycogenic content of the hepatic cells 

* The abauioe of any ovarian activation, comparable to the Aaohlieim-Zoiidek reaotloa, 
used peihapa not be nupriaing. In the aingle recorded example (Bishop and Close, 1S8S) 
of verified pituitary baaophiliam that had etarted in pre-adoleaoenoe at the age of 11, 
the Btenie and ovaries at the time of the patient’s death when 22 years of age ware 
inihntile in type. 



Experimental Pituitary Bawphiliem. 99 

is greatly dimmulied both in hyperinsolinism and in hypopituitary statea. 
Converadiy, it ia increased both in islet inanfficiency and in hyperpituitarism 
whether of addophilio or baaophilio types. 

Diabetes mellitus, in other words, may be produced either by ialet insofficienoy 
or by pituitary overaotivity, some even believing in the existence of a separable 
diabetogenic honuone in the hypophysis. The carbohydate-metabolizing 
balance between pancreas and hypoph 3 r 8 is is such that, as Houasay (1931) 
has shown, after an hypophysectomy the pancreas may be removed without 
ensuing diabetes. A small amount of insulin given to an animal under these 
experimental circumstances quickly leads to fatal hypoglycaemia uplesa the 
effect is counteracted by the simiiltancous injection of a sufficient amount of 
pituitary extract. 

Condusionn. —Whether this inaugural experiment had better have been made 
on an animal more nearly adoh*>Hcont, whether it should have been far more 
prolonged in order to show the full effects of the extract, or whether a more 
potent or more highly purified preparation sliould have been employed are 
questions only to be answered by further study. 

Ah the experiment stands, with all its limitations, it strongly suggests the 
experimental reproduction of certain features of the clinical syndrome of 
pituitary basophilism. And as this disorder is known to be associated with, and 
probably to be caused byi an uninixcd adenoma of purely basophilic elements 
it may safely be concluded that the gonadotropic extract employed in the 
experiment (shown by the Aschheim-Zondek test to be active) was a product of 
the basophilic cells of the sheep’s glands from which the preparation was made. 

It required forty years and more to reproduce in animals Marie’s acromegaly 
BO that it could be properly analysed and studied. It will certainly not take so 
long before pituitary basophilism is reproduced, and this study, it is hoped, 
will prove to be a preliminary step in that dizeotion. 
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Action of X-Rays on the Eggs of CaUiphora. 

By C. M. Soott. 

(From the Department of Pharmaoology, Univenl^ of Edinbmgh.) 

k 

(Communioatod by A. J. Clark, F.R.8.—^Received February 1, 1934.) 

[Platc 0.] 

ItUroduotioH. 

The object of the experimonta described in this paper was to investigate 
the factors which determine the differences shown by cells in regard to their 
sensitivity to the lethal action of X-tays when different types of oella ace 
(xanpared. This sensitivity is found to vary over an enonnona range. For 
example, Crowther (1926) showed that a doee of 80,000 r administered in 20 
minutes was required to kill the protosoon CoUpiiivm odtpoda while, on the 
other hand, the author (1933) found that nnder special ciroumatanoes a dose 
of 2-3 r administered over a period of 2 hoots could kill tiie cells of the allantoi s 
of the embryo chick. 

The infonnation concerning the sensitivity of cells to short wave radiatinna 
has been summarised in the so-called Law of Bergonie and Ttibondeau (1906) 
which states that the sensitivity of a oell is proportional to its lopcoduotive 
capacity and inversely proportional to its morphological and ftinotioaal difisr- 
entiation. Mottram (1913) amplified the infiocmation summarised in thia 
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by oonohuionB derived from experimentfl on growing root tipe of Fioia Faba 
and on developing Aaoaris ova. He conoluded that oells were most senoitive 
to irradiation during the actual process of nuclear division. 

In the investigation described in this paper the biological effect of X-rays was 
estimated quantitatively by measuring the percentage of eggs of CaUiphora 
erytkrooephala (the common bluebottle) which were prevented from hatching 
by any given dose of X-rays. In general the method is similar to that of 
Packard (1920-1931) who used the eggs of Drosophiia mdanogaa^ for a similar 
purpose. In my experiments I attempted to correlate the changes in sensitivify 
to irradation which were found to occur in the developing oalliphorine egg with 
the changes in the morphological structure of tlic egg. 


ExperimefUal Methods. 

The object of these ejq)eriments was to obtaui curves relating the amount 
of exposure to X-ra]^ with the action produced on batches of eggs under a 
variety of exporimental conditions. Accurate measurements can only be 
obtained if the eggs are as uniform and os healthy as possible and the pre¬ 
cautions necessary to obtain this result are detailed below. 

(a) Mdhod used for Breeding CaUiphora erythrocephala.—A constant stock 
of adult flies was kept in order to provide eggs. AU the flies were the offspring 
of a single wild fly and about 20 generations of flies were used in these experi¬ 
ments. The flies were kept in two disused fume cupboards at a temperature of 
about 16° C. They were fed on loaf sugar and were provided with water. 
Eggs were obtained by exposing fresh uncooked liver to the flies which laid 
exclusively on this medium. When a new stock was required the liver and 
the eggs that it bore were incubated at 23° C. In about 17 hours larve hatched 
and began to feed on the liver. The larvm and the Uver on which they were 
feeding were placed in a biscuit tin, the bottom of which was covered with 2 to 
3 inches of dry silver sand. The larvm were incubated at 23° C. in the tin, 
and after becoming sluggish they migrated into the sand on the fifth day from 
hatching. Here they pupated, and hatching occuned after a further period 
of 12 to 13 days of incubation at 23° C. Immediately before the hatch the 
biscuit tin was transferred to an empty fume cupboard. Fresh liver was 
provided as food for the newly hatched flies, but as soon as they began to lay 
eggs, which tiiey did after 2 or 3 days, the liver was removed and loaf sugar 
was substituted. Each batch of stock flies numbered about 1000. The adult 
flies lived for several months at 16° C., but after the first montii a large pro- 
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portioii of tbe oggs which they laid were infertile. • Vot this reason the stocks 
of flies were renewed every month. 

(6) MMod used for CoOeding and Manipuiaiing ihe Eggs.—&ggs were 
obtained for experimental purposes by exposing a piece of fresh liver to the 
flies. About a thousand eggs per hour were laid and this rate was maintained 
for about 4 hours, provided that the flies were allowed to lay only on alternate 
days. Each piece of liver was exposed for half an hour. The eggs that were 
laid during the first hour were discarded because at the beginning of a laying 
period, eggs which were in an advanced state of development, and even larvBB, 
were often deposited. Apart from these exceptions, caused by the retention 
of fertilised eggs in the oviduct, a half-hour batch of eggs was of ahnost uniform 
development because the calliphorine egg is fertilised immediately before 
laying. 

For experimental purposes eggs were removed from the liver by means of 
a platinum loop and were separated from each other in order to allow counting. 
They were plated on to a piece of moist blotting paper 4 cm. by 1 cm. which 
was stuck on to an ordinary microscope slide. The slide was contained in 
a Petri dish in which the air was saturated with water vapour. From a half- 
hour laying about eight slides, each with about 60 eggs, were prepared and 
the eggs were counted. Four slides were irradiated and four were used as 
controls. After irradiation the experimental eggs and the unirradiated 
controls were incubated at a known thermostatically controlled temperature. 
When the hatch of the control eggs was complete the unhatched eggs were 
counted on the control and on the experimental slides. 

(c) The source of X-rays was a MflUer, water-cooled, hot cathode tube with 
a tungsten anticathode. In all experiments the kilovoltage, milliamperage, 
and distance from anticathode to target were constant. These were 79 k.v,, 
0 m.A., and 47*1 cm. A screen of aluminium 0-01 cm. thick was used in all 
experiments. The output of the tube was measured regularly by means of 
a gold leaf electroscope of the usual pattern and was kept constant by small 
alterations of milliamperage. The dose of X-rays delivered at 47-1 cm. was 
approximately 40 r. per minute. 

During irradiation the microscope slides on which the eggs had been plated 
were contained in a box which was kept at a cemstant temperature, fig. 1. 
The box was made of lead and the atmosphere inside it was saturated with 
water vapour by m e ans of wet filter paper attached to the walls. The slides 
were contained in a lead rack which accommodated three slides for inudiatwHi 
and three control slicks. 
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(d) Msasuremaiii cf the Effed of Irradiatum, —The percentage of eggs which 
were prevented from hatching by the irradiation was the measure of the action 
of the irradiation. Extensive control experiments were therefore necessaiy 
in order to find the percentage of eggs which hatched normally. The control 
eggs were approximately equal in number to the irradiated eggs and, except 
for irradiation, were treated in exactly the same manner. Over 20,000 control 
^gs were used and 02% hatched. The percentage hatch was very uniform and 
experiments were discarded in which the percentage hatch of the control eggs 
was less than 90. Histological examination of unhatched control eggs never 


B 




Fto, 1.—^Anangement of apparatus. A, anticathodo; B, lead screen ; C, aluminium 
■oreen 0-01 cm. thick ; D, lead rack for bolding alidaa ; £, imdiated eggi; F. control 
eggs ; Q, water bath. 

revealed any embiyological development nor even the presence of a nucleus 
and it was therefore concluded that the unhatohed control eggs, or at least the 
majority of them, had escaped fertilisation. In expressing the percentage of 
eggs which had been prevented fhnn hatching by irradiation a correction for 
unfertilised eggs was neoessary and this was made on the basis of the corre¬ 
sponding control experiment. 

Influence of Tmpefoture on Rale of Development. 

Eggs were incubated at different temperatures and the times elapsing 
between deposition and hatching of the eggs were measured. The following 
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molts wete obtained: at 8° C., 120 houzs; at 13° C., 82 bonxa; at 17° 0., 
34 houzs; at 23° G., 17 houzs. 

These zesults, which aze plotted in fig. 2, show an almost exact linear relation¬ 
ship between the tempezatnze and the logarithm of the time. The oakni- 
lated from the graph is 3*64 and this appears to be constant within the limits 
of experimental error over the range of temperatures investigpited. This 
temperature coefficient is similar to that found by other observers for the 
development of insects (Uvarov, 1931). 



Fko. S.—Relation between the incubation period and tempeimtun = S>64). 

’ The high figure for the made it essential to control the temperature 
rigidly in order to investigate the relationship between the stage of develop¬ 
ment of the egg and its sensitivity to X-rays. The uniformity of the Qi^ 
between 8° C. and 23° C. made it possible to e3q>tes8 the duration of incubation 
of an egg at a given temperature within the range considered in terms of the 
duration of incubation at some other temperature, which would result in a 
similar stage of development. This conclusion was confirmed later by "»•*»»> 
of the histological examination of the eggs. This method was sometimes used 
for oonvenienoe to avoid prolonged incubation at low temperatum which would 
often have involved work throughout tiie ni^t. In this paper all the dura¬ 
tions of incubation are eji^zessed in twma of incubation at 14° C. 
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Effect of X’-ifTodiation upon Egga at Varioua Stages of Devdopmenl. 

The eflteotB produced hy irradiation of eggs at various ages are shown in 
TaUe I and in figs. 3-6 and are summarised in fig. 6. 

Fig. 6 shows that the changes in sensitivity are comples. There is a very 
great decrease in sensitivity between 4 and 7 hours incubation which is pre¬ 
ceded and followed by a moderate increase in sensitivity. After about 16 
hours the sensitivity decreases steadily. 


Table I. 
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Egga incubated for 1-3 hours at 14° C. 
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Table I—(oontiinied). 


OOM. 

Bggi inonbated fat 2-6-3'5 bom at 14* C. 
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6 
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3 
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0 
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f and P|' oompan the sTpregee for eggs of 2*&-3‘5 honn inoulMtioii with the avengee of 
egge of 1-S houn inonbetion. 


Them complex changes can be most conveniently considered in three 
stages;— 

(а) The changes in the first 3-5 hours. 

(б) the changes after 10 hours. 

(e) The changes between 3'0 and 10 hours. 

(a) Action of X-rays on Eggs less than 3*6 hours did .—Experiments were 
made on eggs at the following ages:— 

I. Eggs between 0*3 and 1 hour. The results are recorded in Table 1 and 
fig. 3. curve A. 

II. Eggs between 1 and 2 hours. The results are recorded in Table I and 
fig. 3, curve A. 

III. Eiggfi between 2*6 and 3*5 hours. The results are recorded in TaUe I 
and fig. 3, curve B. 

In the three groups of experiments eggs which had been laid during a half- 
hour period were plated and were incubated at 14° C. for 20, 70, and from 120 
to 130 minutes respectavely. They were irradiated and then incubated along 
with the cottesponding control eggs at 23° C. until the hatch oconned. The 
paroentage hatch was then measured. The total number of oontrol eggs naed 
fat this series of experiments was 6360 and of these 4921 or 92% hatched. The 
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eggs were obtained £rom about 60 different layings and 10 different Btooks of 
flies were used. 

The results show that the average sensitivity of the eggs to X-ra 3 rs does not 
VBiy significantly during the first 2 hours of incubation at 14° C., but that after 
2*0 hours the eggs become more sensitive. The dose of X-rays required to 
kill 00% of eggs of less than 2 hours incubation is 100 r, while only 60 r produce 
the same effect in eggs whioh have been incubated for 2‘0-3*0 hours. 

Table I and fig. 3 show, however, averages obtained from many eKperiments, 
and, in order to decide whether the differences observed are significant, it is 



X, 0*3-1 hour; #, 1*0-2hours; ourrsB,0»2*5-3*5hours; onrvsC,0,11 hours; 
oorve D, +, 10 hours. 


necessary to consider the scatter of the individual experiments. Fig. 4 shows 
the individusl resuhs in typical samples of experiments carried out on eggs 
less than 2 hours old and more than 11 hours old. The variation shown in 
fig. 4 is so great that a statistical analysis is necessary. The method of analysis 
is described below and the summary of it is expressed in Table I in columns 
headed x* Fx'i t, and 

This analysis showed that the variation in the results was not due to the 
random sampling of the eggs and, therefore, in expreeamg the mean pereentage 
of eggs whioh were killed by a given dose of X*>rays, the following method was 
adopted. Several different batches of eggs were eiqposed to the same dose of 
X’rays and riie percentage effect in each batch was measured. These per¬ 
centages were averaged and this figure was oonsideted sis the mea n percentage 
of eggs killed by a given dose of X-rays rather than the percentage derived 
finrn the total number of eggs used and the total number of eggs lolled. 
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no. 4.— DktribntioB piph ihowiag tbe Mftttcr of motto of ^rplool oipattoiBte. So* 
iaoaboted for tlmeo eqnlTolent at 14” G. to : 0*t>l boor, ; 1-t boon, W; 
11 boon, 11; 16 boon, ISI . 
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Anatyais of ItenJts. 

The detailed results which are sununarized in Table I were axAininwil in 
order to find whether the variation which they show was dne to random mmp Un g 
of the eggs. The analysis was made by the use of the Btstistiox*(KBher, 1928, 
p. 69). By means of an appropriate statistical table (Fisher, 1928, p. 96) the 
value of X* reveals the probability that the variability is dne to random sampling 
This probability has been recorded in Table I in column headed P,i. For 
example, if Fx* = 9'6 then if the variation of the results is due to a sampling 
error there are 5 chances in 10 that an equal or greater value for x* will be 
obtained. If Px^ = O'Ol there is only 1 chance in 100 that x* will be equal to 
or greater than the value obtained ; in other words, if Px^ = 0-01 the variation 
of the numbers is probably not dne to a sampling error. Table I shows that 
tht variations in my results are almost certainly not due to sampling errors 
and the simpest explanation of the variations is found in the rapid changes of 
sensitivity of the eggs which are illustrated in fig. 6. Averages of results were 
therefore calculated, not from the total number of eggs used, but from the 
individual percentage action obtained from each group of eggs. 

The averages recorded in Table I were compared with each other by means 
of the statistic t (Fisher, 1928, p. 107). By means of an appropriate table 
(Fidier, 1928, p. 139) the probability of the significance of the differences 
between averages may be estimated. This probability bos been expressed in 
Table I under the headings P( and Pf. For example, if P| = 0*0 for two 
series of results, and if the two series are in truth part of the same series, then 
the difference between the averages which occurred experimentally or a greater 
difference win happen 6 times out of 10 by chance. If P| =s 0*01 the difference 
in the averages will occur only once in a hundred times by chance. 

In other words, the smaller the velue is for P^, the greater is the probability 
that there is a significant difference between the averages. The values 
recorded for T, show that for a given dose oS X-rays there is no significant 
difference between the averages recorded for eggs of 0*3-1 hour incubation 
and the averages for eggs of 1-2 hours incubation. Pi*, however, shows 
that the difference between the averages for eggs of 1-2 hours incubation and 
the averages for eggs of 2*0-3*6 hours incubation is a significant difference. 

(b) Action of X-rayc on Bgga of more than 10 houn IneubaHon .— 

(i) Eggs inmAated for 11 Aours.—The results are recorded in figa 8 and 4. 

(ii) ^fge inoobatod for 16 Aours.—The results are recorded in figa 8 and 4. 
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(iii) Bgg$ itmibated for 22 hourt. —^Tbe median lethal doae of theae eggs waa 
found to be oonsidenbly greater titan 1200 r. units. This doae Idllad 
about 10% in one or two experiments, but in the majority of experi¬ 
ments all the fertile eggs hatched. 

(iv) Egg$ ineubated for more than 22 howra .—^Eggs incubated from 22 hours 
up to hatching which occurs at 54 hours were so resistant that it was 
not possible to estimate the median lethal dose. The hatohed maggot 
was also so resistant that no apparent eff^ was produced by doses up 
to 2600 r. 

In all these types of experiment the development of the egg was acoelerated 
for experimental convenience, the method being as follows. The eggs were 
laid during a half-hour period and wore incubated at room temperature (14** C.) 
for 1 hoar. They were then incabated at 23° C. for various times and this 
duration of incubation was converted into terms of incubation at 14° C. by 
the use of the factor Qk, fig. 2. This figure shows that a rise in temperature 
from 13° C. to 23° C. caused a 3-64-fold increase in the rate of development 
and that this increase was approximately uniform. A rise of temperature 
from 14° C. to 23° C. would, therefore, cause a 3-12-fold increase in the rate of 
devebpment or in other words incubation for 1 hour at 23° C. is equivalent 
to incubation for 3-19 hours at 14° C. 

After irradiation the eggs in all four series of experiments were incubated at 
23° C. until hatching occurred. 

The results of experiments on the action of X-rays on eggs of more than 10 
hours incubation at 14° G. are summarixed in fig. 6. This figure shows that the 
sensitivity to X-rays decreases enormously between 16 and 22 hours of inouba- 
tion. The sensitivity decreases slightly between 11 and 16 hours, but at 22 
l^ouxB the median lethal doae is more than four times the median lethal dose 
at 11 hours. 

(c) Aetion of X-rays on Bggt IwBvbateifor Periods of betwem 3*0 and 10 
ikours. —^Experiments were made on eggs at the following ages in hours: 8*6- 
4, 4-4*6, 4*5-5, 5-6, 6*5-7, 8-6-9. The results obtained during tiiese periods 
showed a much greater scatter than those obtained with eggs at other ages. 
The resuha of the individual experimmits are shown in fig. 6. It will be seen 
that in some oases the mortality produced by a given dose of X-rays on batches 
of ^gs of the same age varied from 0 to 100% and a oomparison of fig. 5 with 
4 shows the sfrildng dilleirance in variation tnaide and outside tiie limits 
otfiom 3-5 to 10 hours. 
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Avoages obtained firam the figures for eggs between 3*6 and 10 hours would 
liftV6 * doubtful signifloanoe and therefore these experimental results have 
not been averaged in tabular form as was done with the remainder of the 
experiments. The points in fig. 5 resemble the results obtained at other 
periods in that each point represents an experiment made on from 60-100 
eggs. Fig. 5 shows that the majority of the results obtained with eggs between 
3^ and 4 hours old lie close to curve B which is that obtained with eggs between 
and 3^ hours old, but a few of the experiments show a greatly increased 
resistance. The results with eggs from 4 to 5 hours old show a wide scatter, 
but all lie between the curves B and C. Curve C is for eggs 11 hours old, firom 



seo SCO 400 000 ooo W ^aoe 

Dose in r iinUs 


Fio. 5.—Aotion of X-nys on ogga incubated for times equivalent at 14^ C. to: 2-6-3-6 
hoars, carve B, from fig. 3 ; S-6-4-0 houxs, Q; 4*0-4'fi hours, + ; 4'5-6*0 boon, 
X ; 5'0^<0 hours, Q ■ hours, #; 8>5-9'0 hoars, A ; 11 houn, carve C, 

from fig. 3. 

fig. 3, The results with eggs &om 5 to 6 hours old are scattered around curve 
C, whilst all except two of the results with eggs from 6^ to 7 hours old lie to 
the right of curve C. Finally the results obtained with eggs to 9 hours okl 
are scattered around curve C. 

These resuhs indicate that between 4 hours and 7 hours of incubation at 
14^ 0. there is a very rapid decrease in the sensitivity of the eggs to irradiation 
and that after 7 hours the sauritivity increases slightly. The average resohs 
as shown in fig. 6 indicate that during the period 3-5^'j5 hours the sensitivity 
may be reduced to less thsn a third in as short a time as 30 minutes. The method 
of egg ooUeotum only ensaies that the eggs in two differmit batches do not 
diftw in age by more than 80 minutes. Henoe the rapid ohange in senaitivity 
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fully explains tlie extensive scatter in the experimental resnlta during tliis 
period. Although the results are so scattered yet it is possible to estimate 
approxiinately the median lethal dose of irradiation at the various times and 
these values are shown in fig. 6. 


lA. IB. II. III. 



OS 4 0 8 W iS 14 to te SO S* 


Duratioft of inoubaiiotv ott 14 '*C. in hours. 

Fie. e.— Relstkosiiip between the mediaa lethal dose of X-rays, the dnration of iambstion 
at 14* C. and the stage of moiphologioal development of CtSKfhon endtfwwpHsh. 
Upper abaolsaa, I unicellular stage, A central nuclei, B nuclear migration. II blaato- 
derm stage. Ill etage subsequent to blastodenn invagination. 

7As DeesIqpsieNf of lAe CaOiipKonne Bgg. 

The eggs were examined histologically in order to correlate the changes in 
sensitivity with the groaser featnrea of the development of the embryo. The 
teohnique of section cutting is of unusual difiBonlty and is described in the 
Appendix. 

The devdi^ment of the ejs has been deecribed by Nosok (1901) and I have 
onflrmed many of bis descriptimu and have used his temunology. The 
oaffiphorine egg is fiertilued as it passes down die oviduot during the aotual 
prooes e of oviposition. Theneiriy laidegg,fig. 7. Plate 6, ooneiatBof amaaeof 
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protopkam in which many wn»n yolk granalea are aufipended. It oontaina 
(me or sometimee two nuclei which lie in a halo of condensed undifferentiated 
protoplasm in which there are no yolk granules. The egg is surrounded a 
vitelline membrane and an outer shell or chorion. This chorion is very tough 
and impermeable, but it has an opening at one pole, the mioropyle, through which 
the sperm enters. 

The egg nucleus divides, but no cell membranes are formed and the egg 
remains a mnltinucleated single cell until the eighth nuclear cleavage, fig. 8, 
Plate 6, when there are about 600 nuclei. Prior to this stage the nuclei are 
scattered throughout the cell, but they now become arranged in a la 3 rer roughly 
parallel to the egg surface about half-way between the long axis of the egg 
and the surface. Shortly afterwards the nuclei migrate to the surface and 
sections of the egg, fig. 9, Plate 6, show the appearance of trailing streamers 
of cytoplasm running from the nuclei at the surface towards the interior. The 
nuclei form a single-tiered layer immediately under the vitelline membrane. 
Cell membranes begin to form at the periphery and separate the nuclei from 
each other, but the cells are open to the interior of the egg and their cytoplasm 
is continuous with a cytoplasmic syncytium shown in fig. 10, Plate 6. At this 
stage practically all the protoplasm is massed towards the outside of the egg 
while the yolk granules occupy the inside. Finally the cell membranes are 
completed to form a single layer of columnar cells, the blastoderm, which 
surrounds the yolk, fig. 11, Plate 6. A longitudinal invagination of the blasto> 
derm along the ventral aspect of the egg produces a mesodermal tube and 
shortly afterwards another invagination of the blastoderm oocuta on the dorsal 
aspect near the pole opposite the mioropyle, fig. 12, Plate 6. Noaific describes 
this second invagination as eiulodermal and from it the gut tube develops. 
Fig. IS, Plate 6, shows a still later stage of development in which the primitive 
tube of the gut can be clearly seen. The reduction in sixe of the cells does not 
allow the other structures to be distinguished. 


Rate of Enhrydogioai Devdopme$U. 

The relationship between the various stages of development and the duration 
of inonbation is shown in Table 11 and fig. 6. The egg when incubated at 14° C. 
remains a unioeUular organism for 8*6 hours. During the fifth hour the 
blastoderm is laid down and the egg becomes multioellalar. The first invagma- 
tion takes |daoe at the ninth hour and the second invaginati<m is complete 
at the sixteenth. 
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nie rate of nuclear division was calculated in the foUowing way. Sections 
of eggs which had been fixed during the fifth hour of incubation at 14*’ G. 
were examined and in many of them the blastoderm was in actual process of 
deposition. In 12 longitudinal sections of these eggs the nuclei were counted 
and the average number was 51. In 12 corresponding cross-sections the 
average number of nuclei was 12. If it be assumed that the eggs are approxi¬ 
mately cylindrical then the number of nuclei in each egg is 51/2 X 12 = 306. 
Eight nuclear divisions are required to produce this number of nuclei and 
therefore at 14° G. nuclear division occurs about once every half-hour. 

DevdopmerU of the Irradialed Egg, 

It has been shown that X-rays can prevent the hatching of the oalliphorine 
egg and the following experiments were devised in order to find whether the 
irradiation caused an immediate stoppage of development. Eggs from a half- 
hour laying period were plated and were X-rayed after less than one hour of 
incubation at 14° G. A dose of 300 r units was given. At this stage of 
incubation the eggs are unicellular and contain about 8 nuclei. After irradia¬ 
tion the eggs were divided into two groups. One group was incubated till 
hatching occurred and out of 514 eggs, 1 *5% hatched (c/. Table I). The second 
group vras incubated at 14° G. for 11 hours and was then fixed and sectioned 
for microscopio examination. It has been shown, Table II, that unirradiated 
eggs incubated for 11 hours at 14° C. have reached the stage of infolding of the 
blastoderm. Sections of 107 irradiated eggs incubated for the same time were 
examined and 86 or 80% of these had not formed a blastoderm. In 21 or 20% 
the blastoderm had been laid down, but in none of the eggs was there any 
sign of invagination. These results show that while at least 20% of the eggs 
continue to develop after iziadiation with 300 r units, only 1-0% actually 
hatch. It is concluded, therefore, that the effect of irradiation is not to cause 
the immediate stoppage of development. The estimation of the number 
of nuclei in eggs before blastoderm formation is difficult, but there was evidence 
that in many eggs nuclear division had continued after irradiation. 

Discussion. 

The chief results of this investigation are set forth in fig. 6, which shows 
the variations in the sensitivity of the developing oalliphorine egg to X-rays 
and also the tunes oi the various stages of its embiyological developmmt. 
During the process of development the sensitivity of the egg decreases greatly, 
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but fig. 6 showB that the prooeae ia not continuoua but that there ia one period 
(4-7 honn) of very rapid loaa of aenaitivity and two perioda (2-4 hours and 
7-10 houia) during whioh the sensitivity actually inoreaaea. The relative 
extent of the changes in aenaitivity are compared in the inset graph of fig. 6 
in whioh the median lethal dose ia plotted on a logarithmic scale. The general 
loaa of aenaitivity during development ia in accord with the Law of Bergonie 
And Tribondeau^ but this law does not explain the detailed course of the 
changes in sensitivity and in particular cannot account for the two periods 
during whioh the sensitivity increases. 

The relationship between the sensitivity of the oalliphorine egg to X-raya 
and the degree of embryological development closely agrees with that found 
in other eggs. Henshaw and Henahaw (1933) described an almost identical 
curve relating X-ray sensitivity to the development of the egg of DroaopkOa. 
The developmental changes in the latter egg are almost identical With those 
in OdUiphora and the doses of X-rays used by Henahaw and Henshaw were 
aiTnilAT to those which I used in CaUiphora, Glasser and Mautz (1933) obtained 
comparable results with eggs of Drosophila, although they discerned no periods 
of increased sensitivity. The egg of Asoaris also behaves in a fashion mmiUr 
to that of OaUiphora for Schinz and Zuppinger (1928) found that the sensitivity 
of the Asoaris egg decreased when the egg changed from the single celled stage 
to the blastula stage. They found that the sensitivity graduaUy increased 
between the blastula stage and the gastrula stage and that thereafter it 
graduaUy decreased. 

The results of my investigations throw some light on the nature of the 
action of X-rays on ceUs. The present conception of the mode of this action 
depends on three methods of biological measurement. Firstly, the effect of 
X-rays has been measured by their lethal action, the method used in this 
investigation. Secondly, the effect has been measured by the genetic mutations 
which X-rays produce. In experiments of this type, the literature of which 
has been summarized by Hanson (1933), X-rays not only produce genetic 
mutations but also produce changes in the shape and behaviour of the chromo¬ 
somes and the two effects have been correlated. The third method of biological 
measurement of X-rays is the direct observation of the behaviour of oells whioh 
have been irradiated. By this method it has been shown that a oeU is most 
easily kiUed during thb process of nuclear division (Mottram, 1913; Hohr 
huseni. 1921; Vintemberger, 1928, a) and also that irradiatkm may prevent 
nuclear division either temporarily or permanently (Canti and Donaldson, 
1926). 
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Thfi lAtter two methodB of 0 tiid 3 riag X-ray aotion are mainly concerued with 
efleots produced on the nucleus of the cell and Vintemberger (1928, 6, and 
1929) attemped to show Uiat the nucleus was the primary seat of X-ray damage 
by the following method. He measured the dose required to kill two groupa 
of developing eggs of the frog. In the one group an attempt was made to 
screen the cell nuclei and in the other to screen the cytoplasm. He concluded 
that the nucleus of the cell is enormously more sensitive to the lethal action of 
X-rays than is the cytoplasm. 

The results of my investigation afford no direct evidence of any difference 
in sensitivity between the nucleus and the cytoplasm, but they afford indirect 
evidence. Fig. 6 and Table II show that the development of the calliphorine 
egg involves two phases of cellular activity. During the first phase the seg¬ 
mentation nucleus divides continuously, but there is no cytoplasmic division 
and the egg is a multinuoleate single cell. During the second phase nuclear 
division occurs, but it is accompanied by division of the cytoplasm and the egg 
oonsista of many cells each of which have one nucleus. The change from the 
uninuclear to the multinaclear phase is abrupt and is accompanied by an 
enormous and sudden decrease in sensitivity to X-rays, fig. 6. This suggests 
that the decrease in sensitivity is related in some way to the division of the 
whole cell rather than to the division of the nucleus alone. 

This conclusion is further supported by the fact that there was no significant 
difference in tho sensitivity of the egg during the first 2 hours of development 
(Table I and fig. 6). During this period nuclear division occurred oontinuoualy, 
but cytoplasmic division did not occur and there was no significant difference 
between the sensitivity of eggs of less than 1 hour incubation and that of eggs 
of between 1 and 2 hours incubation. 

There is an increase in sensitivity between 2-5 and 3*6 hours and the extent 
of the increase is shown in the inset graph of fig. 6. At this time the nuclei 
and the cytoplasm are in process of migrating to the sui&ce of the egg and 
this process is a preliminary to the change from the unicellular to the rnuhi- 
oellular state. The complexity of the change which most occur in the cells at 
this time is the simplest explanation of the increased vulnerability of the eggs. 

This explanation also serves for the increased vulnerability which occurs 
between 7 and 10 hours. At this period the blastoderm is on the point of 
invaginating and again the complexity, of the oell changes which must precede 
the invagination process is the simplest explanation of their increased srasi- 
tivity to X-rays. 

My results and oonclosions from the results of other workers who have 
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■tiidied the action of X>nys on mitow Them however, an WBHmtinl 
difierenoe in the material studied. In the material studied by other wonfcem 
mitosis was followed by cell division and they measured the action of X-rays 
in stopping the combined process of nuclear and of (Ttophunnio division. 
Insect eggs are peculiar in that nuclear division oocuis for several hours befom 
cell division commences and hence it is possible to compare the action of 
X-rays on the process of nuclear division and on the process of combined 
nuclear and cytoplasmic division. Nuclear division begms soon after the egg 
is laid and continues at a rate which appears to be fairly constant for the first 
10 hours. In spite of this fairly constant rate of nuclear activity, the sensi¬ 
tivity of the cells to X-rajm varies extensively and erratically. These variations 
cannot be explained by variations in nuclear activity, but th^ are correlated 
with obvious changes in the activity and morphological structure of the complete 
cell units. These facta cannot be explained by Vintemberger’s finding that, the 
action of X-raj^ is chiefly confined to the nucleus, but they can l>e explained 
if the action of X-ra}rB causes greater damage to the complete cell unit when the 
cell is undergoing a complicated process of differentiation. 

The results of this investigation also show that the lethal action of X-rays 
on the oalliphorine egg is not an immediate lethal effect. In spite of their 
having received a lethal dose of X-rays some eggs continue to develop for a 
short time before death oconrs. A similar effect is produced in CcHjMiim 
(Growther, 1926). Ancaris (Holthnsen, 1927), the embryo chick (Strangeways 
and Fell, 1928) and on certain tissue cultures (Spear, 1931; Cox, 1981). 

The shape of the curves for the action of X-rays in this paper agree dosely 
with those obtained with many other tissues (Paokaid, 1931; Henshaw and 
Henshaw, 1933 ; Crowther, 1926; Canti and Spear, 1927; Cox, 1931). The 
significance of the shapes of the curves will be discussed later by the author, 
but explanations have already been put forward by Growther (1926), Condon 
and Terrill (1927), Phokatd (1931), Clark (1983). and the explanation of Packard 
and Clark, namely, that the charaoteristio curve of biological action of X-iaya 
expreseeethe individual variations of the biological units, appears to thAi^n eh er 
to be the most reasonable explanation of the facta. 

I gratefuUyacknowledge the advice of Profesaor A. J. Clark, P.R.8.,throu^. 
out the couree of my work. I thank Dr. R. P. Hobson, of the London School 
of Hygiene and Tropical Medicine, for his detailed advice about the breeding 
of CuOtpkora; Dr. A. E. Cameron, of the Department of Zodogy, 

JMntaty, for his oontinuous help in the interpretation of the embryology 
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atOaBiphofa; and Dr. W. 0. Kermaok, of the Laboratory of the Royal College 
of PhynoianB of Bdinburgh, who instructed me in the methods of statistioal 
analysiB which I have used. Hy thanks are also due to Mr. Kilgour, of the 
Fathologioal Department of the Royal Infirmary of Edinburgh, through whose 
patience and skill I obtained microscopic sections of the eggs of CaUiphora, 

The expenses of the investigation were paid partly by a grant to Professor 
Clark fixDm the British Empire Cancer Campaign Fund, partly by a grant to 
me from the Moray Fund of Edinburgh University and from the Medical 
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Summary, 

(1) The relationship between the sensitivity to the lethal action of X-rays 
of the egg of CaUiphora erythrocephala and the degree of embryological develop¬ 
ment of the egg has been shown. 

(2) The senaitivily of the egg decreases with age, but the loss of senaitivi^ 
follows an irregular coarse. 

(3) The variations in sensitivity can be explained by the accompanying 
changes in the embryologioal development of the egg. 

(4) The evidence suggests that X-rays exert their action on the complete 
cell unit rather than on the cell nucleus exclusively. 

(6) The lethal effect of X-rays on the calliphorine egg is not an immediate 
effect. 

(6) The shape of the characteristic curve of the lethal action of X-rays on 
calliphorine eggs at various stages of development has been defined. 


APFBNDtX. 

Method of Preparing Micfosoopio Sections of the Eggs o/CaUiphora 
erythrocephala. 

By D. Ejlqoub. 

(Department of Pathology, Royal Inflnnaiyt Edinburgh.) 

No satiafoctoiy method of preparing sections of the eggs of CaUiphora has 
yet been desoribed, but the following method succeeds in two-thirds of the 
attempts. The difficulty of the technique is due to the nature of the chorion 
of the egg, the hardness impermeability of which make fixation and section 
cutting very difficult. The foUowing method gave the best molts. 

About 200 eggs are immersed in Camoy-Lebzun fixative for at least 2 hours. 
They are washed in industrial spirit and after successive dilutions of the spirit 
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in water. The ohorion ia dissolved by immersing the e^ in sodium hypo¬ 
chlorite solution (about 0*02 gm. chlorine per 100 o.o.) for about 2 minutes. 
The judgment of the time required to dissolve the ohorion without damaging 
the underlying cells is diffioult and requires much practice. The eggs are now 
thoroughly washed in spirit and tiien in water. The chorion becomes detached 
at this time and when this occurs tlie eggs are washed iu ascending oonceutra- 
tions of alcohol. After immersion for 1 hour in absolute alcohol and then for 
I hour in benzole the eggs are embedded in paraffin (melting point 54^ C.). 
Sections arc out and KuU's iuethod of staining gives the best results. 
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EXPLANATION OF PLATE. 

FiO. 7 .—A longitudinal section of a newly laid egg of CalUpkora eryArootgliaia, x 47. 
The egg consists of a mass of protoplasm in which Ane yolk granulm arc suspended. 
No nuoleoi ih visible in the seotion. 




Sro^t, 


Proc. Hoy. B. vol. 115 , Plate 6 . 
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Fio. of ft loi^tudioftl Motioii of on egg InoDbftted ibr 1 *8 S*9 houn ftl 14* C. 

X 19ft. y ftBB anolii mmHinded by oyto|ilftftra whtoh oonteine no yolk giwnlM. 
The nuolei ftze centalty eitiiftted. 

Km. U.—Part of ft longitudinal Mvtion of an egg inculntnl for 3*3-0 faoiira at 14* C. 

X 135. N ave nucipi whtoh have rooontly migrated to the anrfikoe of the egg. 

Fio. 10.—Part of a kmgitnUinai section of an egg incubated for 6-5*R hours at 14* C. 
X 125. B ia the blastoderm. Ceil membrance can be aeen near the margin of the 
Bpction, The oella are still open to the interior of the egg and their cytoplasm is 
eontiniiniiM with a synrytiiim of cytoplasm C. 

Kio. ll.—Part of a longitndinal section of an egg. X 135 • incubated for 7*5-8 hours at 
I lA"' C. The faJastoderin B oonHista of a layer of complete, columnar, ceils. 

Kio. 13.—Longitudinal section of an egg. X 47* Inonbated for 11 hours at 14* C, The 
ineiioderrnft] tube (M) is siiown. The eiidodomi grows from point E. The yolk (Y) 
U very much reduced in quantity. 

Fm. 18.—rjongitudinol section of an egg incubated for 16 hours at 14*0. Tbeycdk(Y) 
is greatly reduced in amount. The egg oocisists of a cellular mass in which the gut 
uanal C can bt- distinguished. X 47. 
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The Principle of Formaldehyde, Alcohol, and Acetone Titrations. 
With a Discussion of the Proof and Implication of the Zwitterion 
Conception. 

By Gkobqe Maxwell Kiuraedsum. 

(From the Bioobeniutiy Lhiportinent. Imperial OoliegL- of Suienco and l^hnoiogy, 

lAondon, aW.7.) 

(Communicated by C. K. Harington, K.U.S. -Aeceived January 15, 1834.) 

Conftidemtioii of the implications of the zwitterion hypethesu of Bjeirom 
(1923) makes it desirable to state afresh the principles underiying the methods 
commonly employed in the tiferation of amino-adda. Deductions of con¬ 
siderable theoretioal importance, cf., Calvery (1938) are still being made 
on the supposition that the alkalimetric formaldehyde titration method of 
Sarensen (1907) and the corresponding alcohol method of Foreman (1920) and 
of WillstAtter and Waldsohmidt-Leitz (1921) estimate the carboxyl groups of 
amino-acids whilst the acidimetric aoetone titration of Linderstrem-Lang 
(1928) estimates the amino-groups. Yet tiie zwitterion hypothesis indicates 
that this assumption is the reverse of the truth. 

Discussion is greatly facilitated by collective consideration of recent physioo- 
chemical evidence clarifying the principles upon which these comiium bio- 
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ohemioal methodB rest. In a recent dieonaucai of two of the titrimetrio methods 
(Van Syke and Kirk, 19SS) the existence of tins evidence is ignored, so that 
it becomes necessary to systematize and elaborate the empirical argument of 
these authors in the light of the relevant investigations of Grttnhut (1919), 
Cray and Westrip (1925), Michaelis and Mizutani (1925), Birch and Harris 
(1930, b), and Levy (1933). At the same time new and useful developments 
are indicated. 


ZfviUerwfiic CotuUiiiUiofi of Ajuino-aaids, 

The zwitterionic conception was used by Adams (1916) in the diwHission of 
acidity, but was first fiilly developed by Bjerrum (1923), who pointed out tliat 
an amino-acid w'as comparable in its dissociation behaviour with an ammonium 
salt except for the fact that the positive and negative ions of the former 
remained permanently attached to one another by a carbon atom or chain of 
atoms, forming a zwitterioii. This conception, which would remove all doubt 
as to the allocation of experimentally determined titration constants to the 
appropriate groups of ampholytes, was supported (u) by analogy with related 
non-ampholytes, (f. comparison of aspartic and tartaric acids; (6) by the 
failure of isoelectric amino-aoids to exhibit common reactions of the amino- 
group, such as condensation with formaldehyde; (c) by the generally salt-like 
behaviour of amino-acids. 

Collateral evidence in support of Bjerrum's views has come from a number of 
sources. Thus the effect, of change of solvent on the dissociation constants of 
amino-acids (Michaelis and Mizutani, 1925; Neuberger, 1934), the heats of 
ionization of amino-aoids (or the temperature ooefiicient of their diasooiatiou 
constants) (Ebert, 1926; Birch and Harris, 1930, a; Greenstein, 1933) and 
the volume cliange of ionization of amino-aoids (Weber, 1930) all favour a 
zwitterionic constitution for these compounds. 

Bjeirum’s own analogy between the physioal behaviour of amino-aoids and 
that of salts has been extended by Borsook and MacFadyen (1930) in con¬ 
sideration of the effects of smino-aoidB on the Ph phosphate solutions. The 
effect is composite depending on the effect of amino-acids on (a) the ionic 
strength, and (b) the dielectric constant of the aqueous solutions. The former 
effect is direct evidence of zwitterionic structure, while the latter, too, has 
recently been shown by Wyman and McMeekin (1933) to be explicable only 
in terms of the zwittwion. Molecular volumes and water-alcohol solubility 
ratios (Cohn et al., 1933) have been used to demonstrate the highly charged 
nature of the amino-add molecule and oonsiderationa of freezing point depres- 
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fuon and ultra-violet absorptioiL (Anslow, el al,y 1933) are aho in aoeotdanoe 
with its supposed zwittorionic character. Further discussion of the evidence 
from salt-like behaviour is given by Cohn (1932). 

A less conclusive line of evidence is provided by calculation, from a com¬ 
parison of pk'. of glycine itself and pjc' of glycine ester, of the induced effects 
of the groups —COOC^Hj (assumed identical with —COOH) and —COO“ 
on the dissociation of the amino-group (Ebert, 1926 ; Miyamoto and Schmidt. 
1932). The use of formaldehyde condensation with amino-groups to facilitate 
a similar study of carboxylic dissociation is rightly rejected by Ebert (1926); 
the view maintained by Birch and Harris (1930, b) that formation of titratable 
weakly-basic lucthylene amino-acids actually occurs is incompatible with 
experimental results, and as pointed out by IjCvv (1933) the only valid explana¬ 
tion of the effect of formaldehyde is that the latter reacts with the alkaline 
modification only of the amino-aoid, thus depressing the effective concentration 
and lowering the titration curve. 

On the whole therefore it is clear that the chemical and physical behaviour 
of amino-acids is more readily explicable on the zwittorionic theory than on 
the older theories of their constitution. 

Theory of Acid-base Titration, 

Hince weak ivcids and alkalis m^dergo unit change in for every tenfold 
change in the ratio of free acid (or base) to neutralized salt, it follows that an 
acid whose pj^. (p„ of 60^^ neutralization) is 6 will be 9 - 1% neutralized at pn 5, 
or 99^0 neutralized at p^ 8. This relation makes it clear that accuracy of 
titration depends on choice of on end-point as far as possible removed from pi^s 
limits to the extension of pa range of the titration being imposed by the magni¬ 
tude of the so-called free acid ” (or “ free alkali ’') correction. This is an 
amount of the solution used for titration in sufficient excess of the requirement 
for neutralization to produce in the final solution a pa corresponding to the 
selected end-point, its magnitude varies with the ooncentration of the re¬ 
agents (Rehberg, 1925), but usually is significant only with end-points acid to 
Pu 3*6 (or alkaline to 10*5). Yet this limit means that oarbozylio groups 
(aqueous pj^* < 5) cannot be titrated sharply to an acid end-point ainoe 
at such an end-point significant amounts of acid will be required to produce 
even the smallest visible change in indicator colour (see p. 171). 

The features of titntion important to the present work an (a) this systematio 
impossil^y of acid titration of oarboxjlio groups, especially those of amino- 
aoids, and (b) the fact that, whilst aqueous titration impKes titration betweea 
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two pfi wwlum^ tiw fomuldehjde, doohol, md aoetone titratioaa may be oarried 
out using the Hame indicator for initial and end-pointa. In order to understand 
snob titrationR it. is neceesary to understand the effect of change of solvent on 
the dissociation. 


TkeoretuxU Effect of ScimU ott Aoid^basc Dissooiation, 

The strength of an acid in solution, depending as it does on the extent of 
dissociation, will evidently be favoured by a solvent of high dielectric constant 
which will diminish the mutual attraction of oppositely charged ions; an 
actual chemical affinity between solvent and dissociating ions will have a 
similar effect. Brdnsted (1926) states that the dielectric effect is predominant, 
but the chemical effect cannot be neglected. The idea of the combination of 
H'*' with water and other hydroxylic solvents in particular, to form oxoniuin 
ions (Brdnsted, 1928; Sidgwick, 1927) is now being extended to other ions 
(Wright et oi., 1931), and implies that the dissociation of an acid may be 
r^[arded as a substitution in which solvent molecules compote with one ion 
for association with the other. Consider water (D =s 81), alcohol (D 26) 
and acetone (D ^ 21); we sec that in water mutual attraction will be low and 
association with solvent high, in alcohol mutual attraction and association 
with solvent will both be high, in acetone mutual attraction will bo high and 
association w'ith solvent low. The same acid therefore will be strong in water, 
weak in acetone, and intermediate in strength in alcohol. 

In accordance with the general definition of Brdnsted (1928) acids are to be 
regarded as substances capable of liberating H"*" (s.jr., HCI, HjO'*', NH 4 '‘') 
whilst bases are substances which can receive H"*" (e,j., Cl", HjO, NH,); thus 
all dissociations may be conveniently expressed in terms of the hydiegeu ion 
and directly related to the /iq scale. 

Now if we represent the dissociation of an ordinary acid thus: 

A = + B • 

that of a divalent acid thus : 

A :.-.H +B- 

that of a mono cation (such as MH 4 ^) thus: 

A--H+ + B, 

and that of a di cation (such as NH|^ R NHg'*') thus: 


A++ « H+ + B+ 
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we Bee thmt the products of disBooiation attnot one another in the first two 
oases, have no action in the third and repel one another in the fourth. It 
followe that lowering of the dielectric constant (as by transfer from aqueous 
to alooholio solution) will diminish the strength of ordinary acids, increase that 
of polycationio acids, and leave that of monocationic acids unaffected. 
Mathematically expressed : 

Pk, (H,0) - (solvent) (D. “ if,)' 

where pj^ is the dissociation constant expressed in terms of concentration, 
is the Yslenoy of the component B, and and are the dielectric oonstants 
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Fia. 1. Fm. 2, Fio. 3. 

Fm. 1.—ThsontiMl Tarialioii of in aloohol. Fio. 2.—OfaaerrMl Tviaticm of in 

aoitone (Gmj and Wostrip). M » benseno-aao-oc-napbthylaminf. Fio. 3.—Obsorvod 
▼ariatum of p^, in aloohol (Mlsutani). 

of water and solvent at temperature T. By calculation, increase of 
100% aloohol will be 0*8 units for a divalent acid group, 3-4 for a monovalent 
add, 0 for a monobaaio ion, and a decrease of 8-4 for a dibadc ion, and so on. 
Fig. 1 depicts thia general behaviour. That this dielectric affect dominates 
the situatum, other eflecta ptoduoing changes of only < 1 Px unit (Halfiiid, 
1081), is exemplified by comparing fig. 1 with the experimental values of figs. 
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2 and 8. The appropriateaeaB of the eqoationt however, in ezomplee when B 
is ^ + rendered uncertain by the observation (Neubetgsr, 

1834) that the individual charges of a zwitterion fimetion alnoost as disoieta 
charges. The same may apply to like charges carried by B, and indeed divalent 
acids do not undergo so large a change of strength as anticipated. There is, 
however, some augmentation, since univalent acids are titratable against 
phenolphthalein in the alkalimetrio alcohol technique (p. 162). 

Bronsted’s use of emphasizes the diversity of constants in use to interpret 
add-base phenomena, ^ classical constant defined by the mass aotinn 
law, in which the components are expressed as oonoentrations; it is determined 
conductometrically, and suffers considerable change with change of ionio 
strength of the solution, or as above, of the solvent, “ titration 

constant,” expressed in terms of add-base oonoentrations and hydiion aotivily; 
it is potentiometrically determined, and varies with ionio strength and solvent 
in a manner different from the variation of p)^ by the extent of change of the 
absolute hydrion activity correction, p^ finally is a thermodynamic constant 
expressed in terms of activities of the components, so that p^ is non-variant 
with ionio strength or solvent. 

The thermodynamic relation between values of the same add in different 
solvents is, however, incapable of accurate eiq>ie8sion owing to the uncertain 
magnitude of the absolute hydrion activity correction involved, and an 
arbitrary relation has so far been inevitable (Wynne-Jones, 1933; Neuberger, 
1934). It has, however, been pointed out (Halford, 1931), that, since the use 
of some ahemative arbitrary pg scale involves only the addition of a constant 
to each p^' value in that solvent, the validity of comparison of these p^- values 
is not altered by the use of any particular scale. Since our mtention is to make 
such comparisons with a miniimiTn departure from conventional modes of 
expression, we accept as the aibitraty basis of the scale, the assumption 
that the p^ of identical concentrations of strong acid (HCl) in two solvents is 
identical, provided that the solutions are of negligible ionio strength. 

This basis, adopted by Gray and Westrip (1926), implies a different arbitrary 
zero potential for each solvent, the difference being a constant, roughly deter¬ 
minable (e/. the relation between potentials measured against the calomel and 
normal hydrogen electrodes). The procedure has the. advantages (a) that 
uncertain junction potentials—up to 4 mv. (Neuberger, 1934)—may be avoided 
in the comparison of two acids, and especially (6) that major change of peinan 
HCl solution on adding alcohol, becomes merely an expression of the effect of 
dilution. Alternative bases test upon boazoio acid bnffets (Wynne-Jones, 
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l&SS), acetic acid buffers (Halford, 1931), and an accepted value for hydrion 
activity in aqaeous solution (Michaelis and Mizutani, 1925 ; Neuberger, 1934). 
In these the determined Ph Vfi* values are convertible to the basis of our 
discuBsion by addition of a suitable constant (cf. figs. 2 and 3). For absolute 
alcohol this has a value approximately +2*6 (Bronsted, 1928), but is much 
smaller in aqueous mixtures. 

Linderstrem-Lang (1928), in introducing the aoidimetrio acetone titration^ 
based his theoretical treatment on the absolute activity coefficient for con¬ 
verting into Pk values, but as such the treatment cannot be satisfactorily 
correlated \rith potentiometric or conductometric measuremeutB in mixed 
solvents. We have therefore adopted the present formulation for general 
discussion. 

For convenience and to avoid violation of onrrent conceptions, we shall 
continue to describe the titration of cationic acids (Bronsted) as a titration 
of basic groups.” 

Aqueous Sdvenls. —In mixed aqueous solvents, ions tend to associate with 
water rather than the other solvent present, and, so long as there is sufficient 
water in the mixture, they behave almost as though in aqueous solution. As 
an instance, Butler (see Hartley, et al., 1932, p. G5) 8ho\^'H that lithium ions 
behave in certain respects almost identically in water and 30% alcohol. 
Hartley (p, 24) emphasizes the remarkable effect on dissociation of so little, 
as 0*1% of water in noii-hydroxylic solvents. Consequently, determinations 
of the weakening of strong into weak 'acids in pure acetone do not imply the 
same situation in aqueous solvents, and HCi, fiHS 04 , HNOj, and the sulphonic 
acids are still to be considered strong acids in 90% alcohol or acetone. 

This behaviour has other importance in that it shows that quantities of up 
to 20^-^ of formaldehyde in the formaldehyde titration have probably little 
effect, physically, on the p^' values of the ions in solution. 

Ampholytes and Polyvcdent /ons.~The simple distinction between dis¬ 
sociating groupe carrying different ionic charges provided by alcohol or acetone 
addition is of great value in allocating measured titration constants to definite 
groups of on ampholyte, and has been mentioned as evidence of zwitterionio 
structure. In ions carrying several charges, the charges tend to behave as 
discrete individuals, a fact which must not be overlooked in drawing conolusiona 
fnmi a pictorial representation of the ionization of ampholytes. The possibility 
of aiinilar behaviour in polyvalent anions and cations requires extended syate- 
matio investigation. In the meantime, Bronsted’s treatment admirably 
defines the more obvious effects to be expected &om alcohol or acetone addition. 
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Change «f TempmAvn. —^Tho effect of tenqiecatan on p^- vefawe is not 
diteetly uinlogoiia to that of abohol addition. Although the dieleotrio oonetoat 
of water is changed by temperature (from 88 to 78 between 0 and 26°), the 
product DT of equation (1) remains almoat constant. 

Obterved Change of Add Strength in Aqaeam Aaetone. 

Pting (1928) showed eleotoometrioally that monovalent bases (aniline and 
derivatives) underwent no large change of in 90% acetone. Cray and 
Weetrip (1926), from the same laboratory, subseqnently determined changes of 
indicator and buffer strengths in this solvent. Numerous sulphonphthalflin 
and aso indicators, as well as hydroohlorio, phthalio, acetic, >md ohloraoetic 
sends, and glycine, were examined. Selected results are shown in fig. 2. 
Measurement was made with quinhydrone electrodes, in an electrode chain 
asing 90% acetone throughout (see MaoVarlane (1931) for possible oxidation 
changes), and the general conclusions are these. Monovalent carboxylic 
acids are weakened 4 to 6 units in 90% acetone (D = 26) and the second group 
of phthalio acid by 6 units, while the monovalent baaio ions undergo a shift 
of 1 to 1-6 units in the opposite direction. HC9 is a strong acid in both 
solvents, having its pg changed only to the extent expected from dilution. 
The ionic product, (i.e., H'*' x OU~), for acetone-water differs from that 
of water s 14), the values found by Pring (1923) being Pk.* l^'fi 
20° in 60%aoetone, andp^., » 19*7 in 90%aoetone. The so-called “ neutral- 
point " of 90% acetone is therefore at pg 9*7. The greater rate of change of 
in the more concentrated acetone solutions is not unexpected. 

Observed Change of Add Strength in Aquemui Alcohole. 

With alcohols, a more extensive survey has been made by Miohaelis and 
Miiutani (1924, 1926) and Misutani (1926). pc- values for every 10 or 20% 
change of alcohol concentration were recorded for numerous monooarboxylio 
and diosrboxytio acidB, for phmols, phosphoric and carbonic acids, for 
ammonia, aniline, and their methylated derivatives, glycine, aminobenzoic 
acids, and several one-colour indicators. Potential measurement was made 
with a hydrogen electrode (alcoholic)—reference electrode (aqueous) chain, 
so that for reasmis already disonssed, tiic resulting measure of "pb” io the 
alcohol Bohitioiis has not its conventimial relation to hydrion ooooentration, 
even apazt'l|toni the unoertain junction potentials involved. Sdeoted resutes 
anr dsfootsd in fig. 8. Change of pK* by this procedure wia, as expected, 
ameh less than the eociesponding effect in the acetone experiments. Mono- 
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valmt acids, including phenols, were weakened by 2 to 2*5 unite in 90% ethyl 
alcohol (D 30), the divalent acids by slightly more although studies were 
not extended be 3 rond the 80% alcohol. The values of monovalent basic 
ions suffered a deorease of about I unit, investigation of amino-acids has 
recently been made by Neuberger (1934). No data have been found for 
of 00%alcohol, but MacFarlane and Hartley (1932) give L8*7 for I00%a|oohol 
BO that the apparent value for 00% alcohol may well be about 16 (18*7 — 2-5). 
in methyl alcohol (90%, D ~ 38), there was a tendency towards decreased 
values as compared with ethyl alcohol (Mixutani, 1925), the acids being 
weakened by only about 2 units. For 90% propyl alcohol no data have been 
found, but the pure alcohol (D = 22) was found by Hunt and Briscoe (1929) 
to depress the dissociation of weak acids much fiirther than dd pure ethyl 
alcohol. 


O/fserved Change of Borne FunUion in Aqueous Formaldehgds. 

The action of foimaldehyde has been studied electrometrically by Birch 
and Harris (1930, b), using a similar method to that of Michaelis and Mixutani 
for alcohol. They made obeervations in varied concentrations of formaldehyde 
up to 16% on ammonia, propylamine, aniline, phenol, acetic and boric acids, 
and numerous typical ampholytes. Ammonia, propamine, and aniline, 
had their p^'% lowered by 2% formaldehyde addition; phenol, acetic and boric 
adds were not significantly affected by 5% formaldehyde. Ampholytes, 
selected with reference to their zwitterionic behaviour, showed, according to 
the number of amino or acidic groups present, groups depressed or unaltered 
by formaldehyde addition. Levy (1933) has formulated more precisely the 
change in the second of a-amino acids. Selected results are reproduced in 
fig. 4. Chimge of varied, for ooncentrationS above 1%, as log (CHflO)' for 
A-amino adds, or as log (CH,0) for proline. This implies that each A-amino 
group was associating, not with one formaldehyde molecule as suggested by 
Serensen, but with two, and that proline associated with one. Depression of 
in 10% formaldehyde was about 2-5 to 3 units, but with tyrosine and 
glycine large spedfio variations were obtained. 

Fomalddigde^ Aloohoi^ and Acetone TUtxUions. 

These titrations depend simply <m aeleoting certain groups for titiratioa 
which are aketed in by addition of one of these reagents, and using an 
indicator which ia not so alteied, or vice versa. The prindple nuy be applied 
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at sight to the estimation of add or baaio groups of any given strength, where 
it is not limited by lack of appropriate indioators (see Clark, 1928). 

It is impossible to enumerate the conceivable variations, but figs. 5 and 8 
depict, in condensed form, a few ejcamples showing the variation of of 
adds, bases, and indicators with solvent concentration, upon which titration 
depends. In fig, 7 these effects are given in detailed form for glycine in 90% 
acetone or alcohol and 10% formaldehyde. As this diagranmiatic presentation 



Fiq. 4. 



Fio. 4.—Observed variation of in CH,0 (Levy). Fio. 6.—Basin of acrutone (or alcohol) 
titration. Fra. 6.—Basis of formaldehyde titration. 


in the customary form is self-explanatory, it nunains just to point out f hat 
figs. 5 and G simply represent the change of the mid points of the curves 
depicted in fig. 7. Then, let A in fig. 5 (or fig. 7) depict an acid group, B a 
basic indicator; if A is approached firom the alkaline side by titration in water 
with KCl B will be at the mid-point of its colour change before A is 1% 
titrated; if 90% aoetone is added, A will now be almost completely titrated 
before B reaches the mid-point of its ookur change. This is the principle of 
the liindecstrsim-LaBg titration (1928) usmg benJKne-aso-a-xiaptihylanime as 
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indicator (see fig. 7); improved acooracy would follow the use of a dibasic 
indicator C of more alkaline range, if such were known. 

Again, let V (figs. 5 or 7) be a basic group, £ a one-colour, divalent (or multi¬ 
valent) acid indicator ; if 7 is approached from the acid side by NaOH titra¬ 
tion in water, E ia coloured before F is significantly titrated; after alcoliol 
addition F miist be largely titrated before £ can become coloured. Thin is 
the principle of the Foreman (1920), Wilktfitter (and Waldschmidt-Leitz, 1921] 
alcohol titration with phenol- or thyiuolphthalein. But, if H is a monovalent 
acid not significantly titrated in water, it will also be considerably titrated 
in 90^^^ alcohol l»efore the indicator changes colour, and will introduce error 




Fra. 7.—Eflfeot of solvent on glyoino titration corvoH. 


[a) in wstor; (A) in 90% acetone (Linderstr^m-lang titration); (<;) in iM)% aJoohol 
(Foreman titration); (d) in 10% formaldehyde (Kerenson titration). 


into the method (see p. 152). A monovalent indicator would improve 
the specificity by not titrating such acid groups, but would decrease 
the quantitativenesB; suitable indicators ore, however, rare. Lastly, if Q 
is a divalent basic group of larger pjc' 'vnll nevertheless be satis¬ 

factorily titrated. This explains the satisfactory estimation of the second 
lysine group by alcohol titration (Willst&tter and Waldschmidt-Leits, 1921). 

Alternatively, let B (or C) of fig. 5 be a basic ion mixed with an acid group 
D, A an indicator of the same valency as D ; if B is approached from the acid 
side, A will be at its ond-point in water when B and U are only 1% titrated 
(it will, however, be a vague end-point owing to the presence of fifea acid ; 
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if 90% aoetcqte is added, B will now be almost oompletefy titrated befina A is 
at its Bud'pomt, but D will still be only 1% titrated. Titeation, speoiflo Ibr 
the basic group, is thereby aoootnplished. Again, it may be wished to estimate 
HCl in the presence of the acid group A. In water, this is impoBHible sinoe A 
is already 60% estimated by the time residual HGl is reduced to 0-01N; in 
90% acetone, however, the HGl oau be largely titrated before A is affeeted. 
This is a valuable method for estimating “ free Hd ” (p. 170). 

Fig. 6 (or 7) depicts a simple example of the formaldehydB titration (Serensen, 
1907) and formaldehyde-alcohol titration (Foreman, 1920). F is an amino 
group, E an acid indicator whose range is presumably not altered by formalde¬ 
hyde addition; in water S becomes oolouied before F ia sipufioantly titrated 
by NaOH; on adding formaldehyde, however, F is now largely titrated before 
£ is coloured; by adding alcohol, this eifeot is aooentuated owing to the changed 
range of the indicator, but at the same time the concentration of formaldehyde 
is diminished, reducing the depression of F. 'Fhere is no olectcometrio data 
available to show the resultant efieot precisely. 

It is apparent in the above that quantitative and specific titration depends 
not only on the agent used, but on the group to be titrated, and the appropriate 
selection of the indicator. In previons sections, full demonstration of some of 
the relevant points has been given, or inferred, as follows: (a) titration aoouraoy 
varies with the range available for titration, and is a raazimam if the 
titiated group is midway between the titration end-points (see p. 162 for 
further disensaion); (6) extension of the available range in water is limited 
by the magnitude of the " free acid ” or free alkali ” oorreotions, which 
become significant at about pg 3 ■ 5, or pg 10*6 reapeotively; (o) in akiohol or 
acetone an extended pg range ia available for titratum, the alkaline limits 
ooouiring at p^ 14 or 16 * 6 respectively; (d) the pg range eSeotive for titrating 
an individual group, as a result of the relative displacement of groups, is about 
6 units for aostone, 3*6 units for ethyl (methyl) alcohol, and 2*6 to 3 units for 
formaldehyde. This corresponds to a quantitative aoouraoy of 99*3%, 96%, 
and 90% xespeotively, under optimum conditions of titration; (s) the iwjttertoa 
hypothesis is emphatically confirmed by available oritioal methods. 

The Jjinientr 0 fn-£iang ooafons lUrcUum (1938) is then a measose of oatboxylic 
groups (as curve A, fig. 6). It is uot tpeoifio for amino acids, but it oan be uaed 
to estimate all other sooh moderately strong aoid groups as happen to be 
present—oxalates, phosphates, pyruvates, oitmtes (Ist ^up), tartrates and 
similar groups, and raeatine—while the weaker melate, citrate, botate, and 
acetate groups, etc., can be estimated to the extent that they eie untitrated by 
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HCl at the initial point in water. The method therefore should never be 
applied to complex biologioal fluids,* but if used on more simple solutions can 
be expected to be quantitative as it offers a wide pg range for titration. The 
alkalimetric aJoohol and fomaldthyde titrations pfovide a measure of amino 
groups, but can never be considered quantitative as they do not offer sufiicient 
pg range for titration; as a oonsequenoe, their accuracy mainly depends on 
an appropriate choice of indicator. They have been disoussed in detail as 
one-indicator and two-indicator methods elsewhere (p. 164). The alcohol 
titration is not specific for amino groups, but partially titrates magnesium 
and weak monovalent acids as well. For simple solutions, quantitative 
aoouracy would be increased by the use of acetone in place of alcohol. 

InstiubilUy. —The great piaotioal disadvantage of acetone and alcohol 
titriraetric methods, that of titrating in solutions which may be quite turbid 
as a result of precipitation, has been discussed by Waldsohmidt-Leits 
Kfinstner (1927) and by Sarensen and Walther (1928). WaUsohmidt-Leits 
and Schaffer (1926) who also considered the problem use methyl alcohol as 
added solvent where phosphate buffers are present. 

New ApplwatioHs. 

With the principles thus outlined, other applications may be made. Thus, 
acetate for use in buffer solntions may be sharply titrated in 90% 
acetone with standard UCl, using neutral red as indicator. Or again, the 
strong inorganic acid in a mixture of HCl with phosphoric acid, or in a peptic 
digest, or in gastric contents, can be titrated by KaOH with satis&otoiy 
accuracy, usuig naphthylamins orange in 90% acetone (p. 170). Again, the 
titration of any basic group in the presence of acids of sunilar pg> or vice 
versa may be accomplished by appropriate ohoioe o{ indicator. 

Other valuable applications appear in the allocation of titration constants 
to the titratable groups of ampholytes. The method was used with advantage 
(Richardson, 1938) to distribute correctly the three observed titration constants 
of 2-thiolhi8tidine, between the four possible titratable groups. It may also 
be used with nicotinic acid (Pk< oa. 3*3, 4*8) to show that these groups are 
m|»eoftively the oydk) nitrogen and oorboaylio groups, since only the latter is 
titratable with a suitable basic indicator and acetone. 

* Van SUyto and Klric (1933) have just esamined its appHeation to blood. Ihiyo h ss e v s 
the effect of lactic etc., but do not consider intetfeieoceby phoepherio add, onatbie. 

or phosphoric add oomp lcn ee. 
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DitouBuon. 

It remains to apply the present prooednn to the interpretation of a few 
typical problems. The first of these oonoems the titration of the dioarboxylio 
and the basio amino adds. If aspartio aoid and lydne are titrated to a 
phenolphthalein end-point in formaldehyde, alcohol, or acetone, the former 
amino aoid requites two equivalents of NaOH, the latter only one. These 
titres are in the ratio of the carboxylic groups of these amino acids, and were 
regarded as evidence that carboxylic groups were being titrated, contrary to 
the switterionio view. Correspondingly, if HGl titration is made to a benzene- 
azo-a-naphthylamine end-point in acetone, one and two equivalents respec¬ 
tively ore required, giving apparent indication of the titration of amino groups. 
These resulta, however, arise firom the vm of isoelectric, rather than neutralued, 
amino acids, the titrations being quite ambiguous as evidence. Had the 
titrations oommeiiced at 7 to 6, l3rBine would have required two equivalents, 
aspartic acid one with NaOH, as was demonstrated by Qrtlnhut (1919) using 
litmus ; one and two equivalents, respectively, would have been required with 
HCl. These titrations are now in the proportions required by the zwitterion 
hypotheaiB. 

The situation with aspartic acid and the three basic amino-acids is represented 
in the titration curves of fig. 8 (which is slightly formalized by merging all 
the aoid titration curves, and the two alkaline curves of histidine and aspartio 
acid). Arginine, lysine, histidine, and aspartio aoid are isoeleotrio at points 
A, B, C, and £, zeapeotively; titration by NaOH in alcohol, etc., will 
tiierefore neutralize respectively 0 (the guanidine group is too strong for 
titration), 1, 1, and 2 equivalents; titration after neutralization to j»b 7 to 8 
(points D and C, i.e,, titration of arginine and lysine hydrochlorides, histidine, 
and sodiiun aspartate) will require 1, 2, 1, and 1 equivalents. Back titration 
to methyl red in alcohol (Harris, 1923) is merely equivalent to titration after 
neutralization to pa 7-8. Neutralization to litmus results in the estimation of 
1 *3 equivalents of histidine (GrUnhut, 1919); for amino groups incompletely 
estimated under standard conditions (see p. 164). On the other hand, 
titration by HCl in acetone will require 2, 2, 2, and 1 eqiuvalents, but 
after neutrajization 1, 1, 2, and 2 equivalents. If the preliminaiy material 
were arginine dihydroohloride, histidine hydrochloride, or aspartio acid hydro¬ 
chloride, etc., oorreqxmding oorreotion has to be made. This interpretation 
of fig. 8 from the zwitterionio standpoint accords completely with all eaperi- 
mental results as distinct firom theoretical conclusions of Setensen (1907), 
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Grtinhut (1919), Foreman (1920), WilktStter and WaUflohmidt-Leitz (1921), 
Karria (1923), and Lindentrem-Lang (1928)* 

ffydrolyns £xp&nfnenig. —^Finally, the legitiinacy of those ohemioal 
Rtndiefl of enzyme activity purporting to demonstrate equivalent liberation 
of —COOH and —NHg groups during proteolysis must be re-examined. These 
studies, summarized by Serenaen and Walther (1928), continued by Calvery 
(1933), apply titrimetrio or Van Slyke analytical methods to proteins under¬ 
going enzymic hydrolysis, to estimate the extent and nature of proteolytic 
scission at given time intervals. The question at once arises whether by com¬ 



paring amino-N (Van Slyko) with amino-N (alcohol or formaldehyde), and not 
^dth —COOH as these authors conceived, results of value are achieved. The 
answer is that by a fortunate coincidence due solely to the conventional method 
of titration, and not generally applicable, the comparison of these estimations 
remains valid evidence as to whether acid groups are, or arc not, produced in 
excess of amino groups. Although the argument is a little involved, it may be 
well to examine in what way analysis of protein hydrolysates difters from others, 
and how protein workers arrived at accurate conohiBions when their theoretical 
interpretation was inaooumtely oouoeivecL 

The omx of the axgummit lies in the following self-evident statements. 
(1) Since results of proteolytio analysis are expressed as differanoe valnes, only 

flOL. ozv.—s. 1. 
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sooh giotqit M daring protoolysis ore inohided in tlw difiezauie aatimii- 

tioDB. These appear primarily from some type of peptide soissioa, but may 
rmioeiTably result also from ester or other Boisuons. They are the only groiqie 
that must be considered in this disoussion. (2) By peptide soissioii, moderately 
BtKmg aoid and basic groups appear simultaneously in solution, and naturally 
appear mutually ionized as the ions of a salt, which is a substituted ammonium 
acetate and has corresponding properties 

R . CO . NH. R' = R. COO "H- NH,R'^ 

(Frequency two zwitterions actually appear from an original zwitterion, but 
the only new groups iu the solution, the only effects which conoem the maas 
estimation, are those having the effect of a salt.) By ester scission, a moderately 
strong aoid group appears free in solution, 

R. COOK' = R. COOH + HOR'. 

(3) At the end-point of alcohol and formoldahyde (NuOU) titration, ions of 
basic groups are converted to the free bases, those of acid groups remain as ions, 

CH,CCK)- 4- NH 4 + 4- NaOH = CH,COO- + Na+ 4 - NH*OH. 

At the end-point of acetone (HOI) titration, ions of aoid groups are converted 
to the free acids, those of basic groups remain os ions, 

CH,COO - + NH«+ 4- HCI CH,COOH + irH*+ + Cl . 

(4) The titration methods may be applied in two ways : (a) by preliminary 
neutralization before addition of alcohol, etc., and (b) by adding alcohol, etc., 
directly to the un-neutralizcd digest. The second method is the more usual. 

If method (a) is used, then, in whatever way newly hydrolysed groups appear 
in Botntion, they ate present at the initial points neutralized os salte, and are 
converted to free acids (by HCI) or bases (by NaOH) at the end-points. Con¬ 
sequently, primary and secondary amino-N is estimated by alkalimetrio 
alcohol and formaldehyde titration, and moderately strong acid gtoope by 
aoidimetric acetone titration—in oontinst to the original inteipretation of 
these titrations, Thus, where alcohol «md formaldehyde titratioiui ate com¬ 
pared with amino-N (Van Sly^e or oolourimetrio) this ptovidee merely a 00 m- 
paiwm of the efficioioy of the niethode. The data of “BraiAing and MaoT^ n 
(1916) on tryptic protein digests thereby serve only to ehow that amino-N 
(fbnnaldehyde) is 6 to 30% low compared with concordant vahiee for amino-N 
(Van flfyke) and amino-N (ninhydrin), and doee not give tha believed eom- 
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{Numm of —COOH ud —proportions* Titntion methods in this form 
sio oomisg into ganeral use to ostuaste siDino*N, and the questhm of their 
relative analytioal worth is disoossed elsewhere (p. 162). 

If, on the other hand, method (h) is used, then hydrolysed groups are titrated 
from the form in which they are liberated in solution^ to the form in which they 
are found at the end-point. Thus the splitting of a normal peptide bond to 
liberate equivalent amounts of positive and negative ions aa aalta» will be 
estimated equally by acidimetrio aoetone titration, or alkalimetric alcohol or 
formaldehyde titration. But the scission of ester bonds to liberate free acid 
proups will not be estimated by acidimetrio titration, of which the end-point is 
the free add ; it will, on the other hand, be estimated by alkalimetric titration, 
of which the end-point requires the anion of the add group. Thus by method 
(6), formaldehyde or aloohol titration will include total amino-N of peptide 
bonds (e= total odds of peptide bonds) -f total acid groups appearing free 
(this will be true irrespective of incidental reaction of the free add groups with 
the bufEeis of the digest, since this merely leaves other weaker adds to be 
neutralised). Evidently, in this peculiar case of unneutealised protein digests, 
groups equivalent to total acid groups appearing by soisaion will be titratable. 
Oonversely, addimetric aoetone titration, in these paitioular oiroumstances only, 
will be of such dimensions as to represent total amino-N. It was described 
in these terms by Lmdeistrem-Lang (1928), who foils, however, to emphasize 
that it is a spedflc case without general validity. 

Another distinction between methods (a) and (6) is that titration of the 
satta liberated from peptide (or acyl proline) soission by the former method is 
a one indicator method, whereas titration by the latter method represents 
a two indicator titration from the of the neutral salt to a chosen end-point. 
As such it is increasingly quantitative the more alkaline the end-point, and is 
thus in contrast to titration by method (a) (see p. 164). It is the growing 
tendency to apply oonoluaions from the ptotdn method (6) to biologioal 
anatysis by method (a) that has neoessitated our re-atatement of the prindples 
invdved. 

To summarize, the titration of protein hydrol]rsates varies in interpretation 
aooottling to whether the appearing groups are neutralued first to the chosen 
indicator or not. In the former method (o), alkalimetric aloohol and fomalde- 
t^yde titration estimates amino-N, not aoid groups as has been believed, and 
aoadimetrio aoetone titration estimatse aoid groups, not amino-N. In the 
latttt method (b), free eoid gronpa become wedged, as it were, into the aloohol 
and fonnaklehyde titres making them of dimensions equivalent to total acid 
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gtoupB, as has hitherto been accepted. The Bimilaiity of the argument with 
that applicable to trivalent araino-aoids (fig. 8) may help to eluoidate it. 

Applications .—Proceeding to general diaouaBion of the estimatioa of 
particular BcuaionB by various methods, ordinary scusion of a peptide bond 
will be measured equally by estimating —GOOH groups (acetone) or amino-N 
(Van Slyke, oolourimetric, alcohol, or formaldehyde) with minor discrepanoieB 
due to particular analytical defects of the respective methods. SciBsion of an 
acyl proline bond will be fully measurable as —COOH (acetone), in large meaaute 
as amino-N (alcohol and formaldehyde), but not at aU as amino-N (Van Slyke). 
Sdesion of ester linkages will be measurable by method (6) by formaldehyde 
or alcohol titration, but not by acetone titration or Van Slyke analysu; 
BoiBBionB liberating free amino groups would be estimated by the latter methods 
and not the former. B]F 04 ~ will be indistinguishable as an acid group from 
KCOO~, and sciasion of its esters (if this does occur, Levene and Hill* 1933) will 
appear to bo carborylic ester scission. 

Evidence of Sorensen and Walther (1928) that increase of alcohol and formalde¬ 
hyde titre is virtually the same as that of acetone titre during 88-hour hydro¬ 
lysis of casein, gliadin, and gelatin, is therefore valid evidence that ester (and 
similar) linkages have not been hydrolysed to any extent comparable with 
hydrolysis of peptide (or acyl proliue) bonds. By an electrometric method, 
this has been confirmed for gelatin with an accuracy of about 1 linkage per 
molecule (Cannan and Muntwyler, 1930). 

Likewise, evidence of Waldschmidt-Leits and Kiinstner (1927) showing 
virtual equivalence of Van Slyke and alkaiimetric alcohol estimations during 
3 days peptic hydrolysis of histone, ovalbumin, casein, and gelatin (in spite 
of 9 and 23% of (proline -|- oxyproline) in the last two proteins) is pre¬ 
sumptive evidence that only peptide bonds are split by pepsin. Bergmann, 
TServas, and Schleioh (1932) continued a tryptic hydzolysiB of gelatin with 
erepsin (amino-polypeptidase), and showed that disparity between Van Slyke 
and alcohol estifflati<8iB attiibutable to aoyl-proline scissions then appeared. 
It is therefore difficult to interpret obervations of Waldsohmidt-Leits and 
KUnstner (1927), and of Calvery (1938) that complete ensymio hydrolysis ct 
histone and of ovalbumin (as controlled by acid hydrolysis) was acoompanied 
by equivalence to within 3%, with no disparity appearing during eieptio 
hydrolysis, when ovalbumin, at least, contains over i% of proline (neglecting 
oxyproline). Although numerous eq>]aaations are possible none is vary 
aooeptable, and good reason is provided for pieforting titration methods whose 
mode of action is predictable to the Van Slyke method in such erperiments. 
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It u therefore deairable to predict the effect of a few hypothetical sousiona 
on the titrimetric methode. Of these, the liberation of free banio groupa, or of 
phoaphoiic acids, has been considered, but other types of scission, not entirely 
speculative, are suggested by the demonstration that arginine of proteins only 
becomes accessible to decomposition by arginase (Hunter, 1926) or by HjO, 
(Edlbaoher, 1924) after proteolysis. If a linkage, U. NH. C(: NH). NH. CO.R' 
be postulated, its hydrolysis to form the salt of the strong base will not be 
estimated by alkalimetrio alcohol or formaldehyde titration, since the strong 
base remains in salt combination at the end-point, whereas by aoidimetric 
acetone titration the acid group will be estimable as usual. Oonverse effects 
would be observed if strong (sulphonic) acid groups should happen to be hydro¬ 
lysed from a type of peptide combination. From ester combination, these 
acids would increase the alkaliinetric titrations by method (b) as usual, but 
will actually decrease acidimetric acetone titration (method (6)) since their 
hydrolysis is equivalent to adding strong acid. Weak basic (histidine, chromo- 
proteins) or weak acid groups, if liberated as salts (t.e., where basis is larger 
than accompanying acid p^ ) will be indistinguishable by method (b) from amino 
or carboxylic groups. If liberated free, or as mixed acids and bases too weak 
to form salts, they will usually not be estimated at alL 
Beoommenied Protein Titraiion Methods. —^Although previous discussion 
has aimed so to explain the principle of the titrations that particular applica¬ 
tions can be devised to cover particular oases when they arise, one obvious 
recommendation might be missed. AU that is necessary to demondrate equi- 
vcdence of acid and basic groups liberated during proteolytis sdlubie proteins is 
a simpie aqueous titration at given time intervals to p^^ to 6*6, the p^ of minimum 
buffering power of protein-polypeptide-amino acid mixtures. Scission of 
ordinary acid-base linkages, having the effect of introducing a salt of wliioh the 
above pg is the neutral point, will not influence such a titration. Only acids 
and bases appearing free in the solution will be detennined. By titrating 
thereafter by the Linderstrem-Lang (acids) or Willstttttar (amino-N) methods, 
or determining amino-N (Van Slyke), disparities representing scission of 
proline or arginine linkages, etc., or factors yielding approximate polypeptide 
content, may be determined. To minimize indicator masking when aliquots 
an not available for titration, bromoreeol purple (6*2-6'8) will serve for 
aqueous titration if Linderstrsm-Lang titration is to follow, or propyl ted 
(4‘6-6'6) if Willst&tter titration follows. Titration will be facilitated by the 
well-known LUera-Orttnhut comparator technique. 
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Summary. 

The principlee upon which the foimaldehTde^ aloohol, and aoetoue trtratione 
of amino acids depend have been discussed in the light of the zwitteriou hypo¬ 
thesis and the evidence for this hypotheeis summarizedL 

The Sarensen and the Foreman (Willst&tter) titrations estimate amino 
groups, the Linderstram-Lang titration oarbozylio groups, ooutrary to aooepted 
convention. In the particular case of protein investigations, however, the 
old comparison of amino-N (Van Slyke) with WilLstAtter titrations to demon- 
staite equivalent liberation of acid and amino groups by enzymic hydrolysis 
remains valid, by a fortunate ooincideace resulting from the modified titration 
prooedure conventional in these studies. 

Useful new applications of the general principles have been suggested. 
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Critique on the Biological Estimation of Amino Nitrogen. 

By OaoBOB Maxwkll Riobardson. 

(From the Biooheouitry Department, Imperiiil of Scionre and Tet'hnolo^', 

London, 8.W.7.) 

(Commuuioated by C. R. Harington, F.R.B.—Received January 16, 1954.) 

For the eetimation of ainino nitrogen in complex fluid miztuiea three typical 
methodi are available. These are (a) the nitrous odd method (Van Slyke, 1911, 
1912), (6) the formaldehyde titration (Berenson, 1907 ; MaUatti, 1909 ; Ltlers, 
1920), and (o) the alcohol titration (Foreman, 1020; Willst&tter and Wold- 
schmidt-Leits, 1921). Yet by general agreement none is entirely uatisfaetory. 

Method (a) is tedious in multiple determinations, is subject to fortuitous 
error from frothing, and from reducing agents present in solution. It is known 
to give faulty values for glycine, cystine, tryptophane, arginine, lysine, and glut¬ 
amine (Schmidt, 1929 ; Himmer, 1924 ; Chibnall and Westall, 1932), and for 
various peptides (see Thierfelder and von Cramm, 1919; Hopkins, 1929; 
Dunn, Butler, and Deakers, 1932). As discussed later, it gives a partial esti¬ 
mation of ammonia, urea and allantoin, creatinine, and the aminopurines. 
It is not influenced by proline (Van Slyke, 1911). Methods (6) and (c) have 
much in common. They are both rapid in use, but are of limited accuracy 
owing to a diflioutt end-point in complex solution, and of restricted scope sinoe 
they must be confined to almost oolourltsas extracts. Their quantitative 
defects are to be discussed, but the methods are best applied serially only to 
solutions of closely similar chemical composition. As a final option, oolouri- 
metry (Harding and MaoLean, 1916 ; Hifiart, 1922 ; Foiin and Wu, 1922) is 
both too uncertain and too difl^ult to apply to chemically complex, coloured 
solutions. 

Methods (b) and (c) were developed and applied originally, largely with the 
very specific purpose of studying enzyme and protein chemistry. It was 
natural, therefore, that the very considerable success they there achieved 
should have encouraged their adoption in estiinating amino-N analytically, 
and the formaldehyde titration in particular has bog been applied to tiiis end. 
Yet anabgous extenabn of alcohol {at aoetone) titration to this end is, from 
first pnnoiples, liabb to serious-error. The consequent likelihood of frequent 
deosptive oonolusbos based on incautious application of these methods (and 
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already in evidence. Foreman (1928), Rahn (1932)) miggerted the need of 
farther study. Moreover, though alcohol and formaldehyde (NaOH) titrations 
are described in protein studies as estimating carboxylic groups, this is com¬ 
pletely incorrect aa a general statement, since these titrations, applied 
analytically, measure amino groups (p. 129). Likewise, the Linderstraiu- 
Lang acetone titration (1928), described as measiiring nmiuo groups 
actually measures acid groups. It has therefore been falsely applied 
to blood analysis by Zirm and Benedict (1931). Obviously, considerable 
confusion exists aa to the principles involved. 

It has seemed timely, therefore, to examine critically a series of data obtained 
upon single biological extracts by each of the methods (a), (6), and (c), and to 
examine the ultiinato bases of the methods. Conclusions have thereby been 
reached in such a way as to outline the proper scope of each method and the 
uODsideratious which restrict its general use, 

ExperimotUAii, 

Pf^paraiion of Material ,—A suitable raw material of considerable biochemical 
interest has been sought in the aqueous extracts of plant leaves, for obviously, 
no conclusion as to the primary synthesis of proteins and protein material 
can be attained without a degn^e of certainty an to the amino'N content of such 
material 

For general use a stock extract was prepared from young cocksfoot, which 
was rapidly dried, finely chopped, and thrico extracted by bringing to 95° 
with 10 volumes of water in a wat4>r bath. After filtration through mualm, 
the extract was evaporated in vacuo to a suitable bulk, one volume of alcohol 
stirred in, and the mixture centrifuged from precipitated protein and inorganic 
material (see alfalfa filtrate/' Vickery, 1924). There was thus obtained a 
permanent stock solution containing relatively simple molecules. 3 kg. of 
dried grass yielded 8-1 litres containing 2-4 gm. total soluble N per litre (total 
soluble N 0-67% weight of dried grass). For use 750 c.c. alcoholic stock 
were concentrated to small bulk to remove the alcohol, and made to a litre 
with water; successive preparations showed no significant alteration of amino- 
N (Van Slyke) content. 

For runner bean, broad bean, lucerne, and brusselH sprouts extracts, fresh 
leaves were minced, and the cell sap pressed out in a Buchner press. Then 
protein material was denatured at 95°, filtered off on muslin, and the solution 
ooDOeatrated and stored under toluene. AH extracts had to be decolourised 
by the use of selected metikods before titrimetrio analysis. 
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MMhodB qf Data recorded ate the amxi of oompantde duphoate 

analyeee. Total N was determined hj the mioro-Kjeldahl iiteam*diatillatioii 
teohnique, amino-N (Van Rlyke) by the Van Rlyke mioro-apparatiu (10 minataa 
reaction at 15-18°), anunonia-N by vacuum distillation from magnesia at 40° 
(Chibnall and Westell, 1932). Amide-N was determined an increase of 
ommonia-N after 2 hours hydrolysis in boiling N l£aS 04 j peptide-N os inoreaae 
of amino-N (Van Slyke) after 16 hours hydrolysis in boiling 5 N 
Nitrate-N was determined as inoraase of ammonia-N after reduction with 
acidified roduc^ed iron (Vit'kery and Puoher, 1929). Amaioniu present in the 
ejdraot was, in geuural, not removed before analysis for amino-N. was 
determined at a Hildebrand hydrogen electrode freslily plated for each deter¬ 
mination. 

Titratable-N was estimaUsl under a variety of couditions, but all estimation 
was on a micro scale comparable to the Van Slykc mioro estimatiou. Titration 
followed arbitrarily standardized procedures suited to routine analysis in an 
ordinary laboratory. Therefore stock solutions consisted merely of ordinary 
40% formaldehyde, 96% alcohol, and COg-firee NaOH from protected micro- 
burettes. To minimize COg oontamiuatiou, titrations were rapid and small 
conical flasks were used to reduce air space. Indicator (phenolpbthalein 
where not otherwise mentioned) was added os a 0*5% alcoholic solution, one 
drop per 5 o.c. To 2 c.o. of the relatively oolourless solution for estimation, 
N NaOH was added to approximate the end-point, and the solution then 
titrated with 0*1 N NaOH to the first visible colour as compared witli a blank 
of aimilar alkalinity. One volume of 40% formaldehyde or 10 to 12 volumes of 
alcohol were next added, and the solutions immediately titrated with N/35 
aqueous NaOH or 0’05N 90%aloohalio NaOH, respectively, to a siioilarly 
defined end-point. End-points were often vague and of a masked colour, 
care always being necessary to reproduce in the colour blank any change of 
colour in the natural indicators of the extract. Nevertheless, estuuatums 
were generally possible to ± 0-02 c.o. Titoee were finally oorreoted for the 
acidity of the added formaldehyde or alcohol (as estimated by a blank on 2 0.0^ 
water) and are taken to represent titratable amino groups. 

Ab prelijuinuy to the mvestigatunx. Table I gives the distributioa d oitngen 
in the equeous cocksfoot extnot, as piepated by lemovel ot ud dibi- 

tkn. and in an extnot of yoong, freab bcoed-been leeves. It is eppeient 
ei once that alcohol titration has eertaioly inolodsd in ooosideiable 
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some nnknowB nibstanoe not iwtiiaited in tb* V«n EUyke siqpu»tiu. To sliidy 
thii diaorajMinojr farther, however, it waa neoeiMxy to poaaeaa mote quantitative 
data aa to the effect of decxdouriaing the extracts, sinoe Table I pceseots titnt- 
able-N au deoolouEixed material, other data on origiual materiaL Where 
analyaes are performed throughout on deooloutixed material, the disparity 
is even larger. 


Table 1.—Nitrogen dititributioa in the aqueous extracts. % total soluble N. 


Amino-N. 

AmkU Niirato-P^pUtl® Rwt 

■„? Vmi Aloohol 

fc«yke UM»llon ® 


Bxtnkjt. 

Tout N 
(Km./Utre). 

OuokMfuot 

I•a4 

Broad bean 

1-02 




* After lead prodpitation. 


Methods of Deeolourizitig the Extract. 

Deuaiowation by DiaHysis.--It is generally considered that colour in leaf 
extracts is associated with material of high molecular weight. Separation of 
these larger molecules from smaller ones of more interest to analysis was 
attempted using tlie three compartment olectrodialysis method of Foster and 
Schmidt (1923). It was hoped that separation of the unknown titratable 
material might likewise be effected. Unfortuimtely, effective migration 
necessitates dialysis firom rather acid or rather alkaline solution in order to 
convert the neutral switterions to suitably charged ions, so that systematic 
errors may accrue from unsuspected hydrolysis, or again from oxidation or 
reduction induced at either eleotrode. Nevecthsless, some investigation of 
the trend of migration was desirable. 

The general technique of Foster and Schmidt was adopted with little ohange 
—wide carbon electrodes, ooding ooil maintaining 30° to 36°, COg stream, eto. 
A. ouxrent of 1 to 1*2 amps., 210 volts was used. The centre compa rtme n t 
received 100 c.o. of the aqueous cocksfoot extract, the side oompaitmeiits 
100 0 . 0 . of distilled water. During any run, the pg of the extract was main* 
tsined with 8 N figlKlg at a definite red to thymol blue paper (co. pu 
with 8 N NaOH at a strong blue to thymolphthalein (oo. pg 10*6). FMtein 
numhiaaeB wen not perwianont undec theso oooditions, ceOopbana or panh* 
meat paper membranes being nooessMy. Incidentally, there was in the 
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•node oompartnMat a dafinite odour of hjrpooUorites daring ^eotoxlialyais, 
tven though the extract contained only ita natural chlorides; in the cathode 
oompoitment, steady diluticm was proceeding. At intervals during dialysis, 
the experiment was interrupted, the volume of dialysate measured, and an 
aliquot removed for analyais. 

It was found that eleotrodialyKis ut 10*5, by which migration of amino 
acids to the anode might have separated them not only firom the ooloorstufE 
but also from the inorganic bases, was quite impracticable. In a throe-hour 
cellophane dialysate, the anodic concentration of transported amino-N never 
exceeded quite a low value, although the colourstufE was already migratmg 
in amounts seriously masking the titration end-point. Meanwhile, all trace 
of some of the original umino-N (Von Slyke) had been Icwt. Clearly, 
anodic destruction of amino groups, as implied by the presence of hypo¬ 
chlorites, was proceeding as they tuigrated. 



Fio. 1.—Rate of transport of amiuo-N (Van Hlykt* and alcohol) pa about 1*3. x aloohol 
titration; • Van Slyko. (a) cathode ; (&) contre ; (fi) anode. 

Acid electrodialysis (p^ 1 *3) to separate amino groups and other bases from 
the oolouratuil gave better, yet still insufficient separation. In tig. 1. a typical 
experiment through parchment paper is depicted, the ordinates representing 
total transport of amino-N. At the two-hour interval, the outer dialysates 
were replaced by distilled water, as their titration end-points were already 
odnsiderably masked by migration of the oolourstuil. This migration of the 
oolouiHtiiff as an ampholyte removes any possibility of its separation from 
amino acids by electrodialysis, except perhaps by membranes of graded 
porosity. 

Aoid stability of the extract was measured by controls at room tempemtoxe 
ia both 0*1 N and N free HCL In 4 days, the ammonia bad increased by 10% 
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and 20% mpeotively, in 18 dnya bj 25% and 45%. Amino-N (Van Slyke) 
underwant no aignifioant change. Acid hydrolyaifl during an experiment will 
tharefore not oaoee any aignifioant error. In Table 11, the distribution of N 
in the ultimate dialyaates (4*5 hours), corrected for removal of aliquota, is 

Table II.—Nitrogen distribution after clectrodialyaiB of cocksfoot extract. 


% original total soluble N. about 1 * 3. 



Toul N. 

Ammonia-N. 

Amide-N. 

Amin 

Vaa 

Slyke. 

o-N. 

Aloohol 

titration. 

Anode oompertment 

6 

0-5 

0-0 

1-3 

2*2 

Centre oompartment ... 

32 

0-4 

S-7 

7-2 

7 . 7 * 

Cathode compartment.. 

43 

4-4 

2-4 

20 

32 

Total. 

8 d 

5*3 

6-8 

28-3 

42 

Original . 

100 

5-8 

7-2 

31 

42* 


* After load 


recorded. ElectrodialTBiB from acid solution has thus resulted in the trans¬ 
ference to the cathode of the bulk of the snunonia-N and tiie atnino-N, but of 
only about one-half of the total N or amide-N. The residue is presumably of 
large molecular size, or is un-ionized at the of dislysiai 

Because of the slow and incomplete transference of amino-N, the partial 
co-transference of the oolouistuff, and the possibility of acid hydrolysis in 
certain extracts, electrodialysis is not recommended in routine analyses unless 
mote extensive investigation can be made. The material meaeuied by aloohol 
titration but not by Van Slyke analysis is tranafeited by electrodialysis as 
a base. 

Deeolowation by Adtorption .—Attempted adsorptions of the oolouistuff 
upon kaolin, kieselguhr, doucil, silica gel, aluminium silioato gel, powdered 
and feeshly precipitated alumina gave unpromiaing results. Satiabotory 
deoolonsation was obtained with norite charcoal, and details appear in 
Table UI. 

25 c.o. of aqueous cocksfoot extract were mixed with suitable amount of 
HCl or NaOH and the determined. 1 gm. of norite was stirred in, oentri* 
fuged, two subsequent 1 gm. norite additions made and the whole centrifuged. 
The oharooal residues were twice washed and the washings mixed with the 
rapemataat fluid, which was then analysed. Satiefbotoiy deobloazation did 
not oooor in the nentnl oc tiie rather gelftinons alkaline solntioae. At 
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pa 3«6 tlMM \ru putUl dMolomstioni md at 1*1 admimbls deookiitntioa, 
e?m nitli 2 gm. ncmte ia hot aohition. No partioalu oue mu obierred in 
repcodnoing the teofanique, but the resulti diow a geneial loos by ohaiooal 
addition of 40% of total N, and 26% of amino-N, itreopeotive of the extent of 
deoolonnitioii. Since the extent of adsorptive loss is thus high, whereas 
decolouration is reetrioted to strongly add aolntion—alwa 3 rs a latent oaose of 
hydrolysis—no other experiments using oloser oontroln were attempted. It 
is interesting to recall that Bang’s belief (1916) that smaller losses are obtained 

Table III.—Decolouration by adsorption on norite. N of treated eztraots 


given as % origmal total soluble N. 


i 




Amino-N. 

pn- 

gm* noli 14*. 

Coloar. 



Aloobol 

titntloiL 

ll 

1 

Brown 

(100) 

so 

(31) 

27 



2 

1 Pale brown 

74 

25 

41 


a 

1 Pfele yellow 

58 

23 

as 

M 

2 

1 ** 

— 

25 

43 

(wftno) 

2-6 

a 

1 

Palo brown 

52 

24 

37 

4-4 

3 

Brawn 

57 

23 

— . 

5-8 

n 

" 

65 

26 

— 

8 

3 


63 

22 

— 

10 

a 

** 

56 

22 



by ehaieoal adsorption from 20% aloofaolio solution is due rather to the 
beneficial effect of alcohol on his fotmaldehydo titration—of whioh it was an 
early demonstration—than to any intrindo effect on adsorptive loss. It ia 
found finally that the source of the disotepanoy between alcohol and Van 
Slyke estimations has not been removed by adsorption. 

Deedlouraiion by Bleaoking .—Exoeu of Na^iQi produced only partial 
deoohmrati<m. NaOCi reacted as would be expected (Langheld, 1900) with 
eonsidetable efferveaoenee and decolouration, and progressive rapid loss of 
amino-N. UgOa also reacts destructively with amino-N (Bteinl and Baudisoh, 
1907). 

Decolouration by Prootpitatim.—Addition of BaOla or baryta in aqneoos or 
60% akoholio sdntion gave ineffective decoloaration, Deooloiiration by 
combining the effects of pieoipitation, and of adsoiptioii oa AgCl, 
mui also uaMtiaCtotoiy. Deodloontion by kod acetate waa efleotive whhin 
• (jbitivollsd pb range. 
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S«nBMD and Hanaen (1907) suggeatod prodipitating AgCl from aoid aolotioii 
in ii(M as an admirable metiiod of deookmration without N loss. We have 
apjdied it to the cocksfoot extract at pa 0'6> I'l, 2'tt, 4-7, and 8 using the 
specified oonoentrationa of BaCia (0* 16 N) and snooessive additions of AgNOg 
(up to 0*13 N). Aoidifioation itself caused some precipitation and decoloura¬ 
tion, which was extended by Bad, addition and again by each suonessive 
AgNOf addition. Optimum conditions were at pa *> decolouration at pu 
4*7 and 8 was sensitive to smaller additions of AgNOf, but was aooompanied 
by bulkier precipitates and greater loss of amino-N. Yet no decolouration of 
the brown solution further than to a clear yeUow was possible, and this was 
accomplished with loss of at least 10*^4 of amino-N (Van Blyke). There thus 
appeared to be no special advantage attaching to this method. 

The use of lead acetate and basic lead acetate as colour preoipitants has long 
been an established technique, but any control of pg appears to have been 
merely automatic depending on the use of the neutral or the basic salt. Britton 
and Meek (1932) have shown that interaction between lead acetate and NaOII 
occurs within the ph limits 6 to 8, and that precipitation is not incipient until 
nearly two equivalents have been added. I!iom their data, baaio lead acetate 
(0*01 N) may be seen to have a pa of 7*4, and lead acetate u pa of 5*9, while 
at any other pa the ratio of neutral salt, basic salt, and hydroxide may be 
determined. Therefore mixed lead acetate salts, appropriately neutralized 
by this procedure, wei-e added to grass extracts of known pa, and the effective¬ 
ness of decolouration at any pa observed. As general procedure, 4 c.c. of 
saturated (2 N) lead acetate solution were added to 25 n.o. of the grass extract 
with ooneot neutralization, made up to 40 c.(‘., and allowed to stand about 
.30 minutes. The flocculuni was centrifuged off, the supernatant liquid 
acidified acid to p,i 4 and treated with H|S. The black PbS precipitate was 
centrifuged off, the supemataut liquid measured for volume and analysed. 
Where the H|S treatment produced a browning of the solution, this colloidal 
Buqiension was removable by adding a little lead acetate and re-precipitating. 
As jaeoipiiates were not washed at this stage, calculation was made on the 
assumption that the total solution volume after decolouration was equivalent 
to the sun of the added volumes. The small systomatio error thus introduced 
(6 to 10%) was corrected away by standardizing the moon data for pg 5*6 
io 6*0 against the data of Table V obtaiaed with washed precipitates. 

Besnht an tabulated in Table IV. The pg values quoted '* 6*3 to 5*8 ” 
an oakmlated values resulting from the direot addition of lead acetate (ps 5*9) 
.in varying oonoentration to gross extract (pg 4*8) without pg adjustment) and 
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are included jnat to idunr the effect of lead oonaenttation. InoreaBing lead 
omusen^tion produced progressive loss of colour and of total N, but maximum 
loss of amino-N was reached even in the diluter lead solutions. This was true 
of both lead acetate and of basic lead acetate (ph 7 * 4 ). WaTimum decoloura¬ 
tion in 0-2 N lead solutions occurred (with oonatant nitrogen loss in this case) 
in the region 6-8 to 7-4. It may be fortuitous that this is thapH region of 
lead acetate—basic lead acetate mixtures, but aoid regions where basic lead 
acetate does not exist or alkaline i^ions where lead acetate does not exist 
(and the extracts are too gelatinous for reproducible precipitation) were 


Table IV.—^Decolouration by lead acetate precipitation. N of treated extracts 
given as % original total soluble N. 









1 Amino-N. 


Reagent. 

Uod 

Diy wt. 

Final 

Pinal 

colour. 

Total 

N. 




oono. 

Pb pfit. 

vol. 





(N). 

(gm.). 


Van 

Aloobol 








Klykr, 

titration. 

20 

HNOg 

0-2 

i-tte 

3B 

YolUiw-brown 

(100) 

(SI) 

31 

61 


HHOg 

0-2 

— 

M 

If 

79 

33 

49 

3d 

UAr 

0-2 

1-70 

32 

68 

31 

48 

4 0* 

RC\i\ 

0*2 


33 


7B 

28 

47 

6*3 



o-os 

O BO . 

— 

Brown 

86 

29 

46 


1 - 

J 

0-12 

U'8U 

— 


82 

26 

43 

5-8 

j 


O-IU 

0-88 


Yellow-brown 

80 

26 

44 

J 


0-3 

1'34 

—- 1 

Yellow 

7B 

26 

.48 

S-5* 

- 

0-2 

0B4 

34 


B9 

26 

42 

68 1 

NaOU 

0-2 

CM 1 

31 1 

V. pale ^'llow 

71 

27 

44 

5'8* 

** 1 

o-s 

— 

33 

ff 

71 

24 

41 

B'O 

1 


0*86 

30 

11 

74 

26 

43 

\0-2 

0*67 

28 

11 

76 

36 

42 

a-fi 

»* 

0-2 

1*01 

27 

If 

— 


39 

7-0 1 

*■ 

U-2 

1*10 1 

27 

*> 

73 

26 

36 




'^007 

0*37 


Brown 

86 

27 

40 

7-4 



O-l 

0-61 

- - 

II 

82 

27 

40 

II 

4 

0-13 

0*02 

— 

Yellow 

77 

27 

36 




0-2 

— 

31 

yellow 

72 

1 26 

39 

0*5 



0-2 

— 

30 

II 

76 

27 

36 

II 

0-2 

013 

31 

YrJlow-brown 

86 

1 26 

36 

0-8 

11 

0-2 


29 

If 

7B 

27 

42 


certainly not so effective for decolouration. Precipitation at p^ 6-8 is pre¬ 
ferred, sinoo dicarboxylic amino acids are precipitated at pa 7*4 but not at 
6 *8. The presence of up to 20% of alcohol until after precipitation (experi¬ 
ments marked *) did not influence the general conclusions. In ernifirmatioa of 
Table I, the unknown titratable material is not removable by lead acetate 
preoipitatiou. * 
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Ccmofuncmt.—Of many methodi tried, satiB&otory decolouration of oocknfoot 
extract for titration waa obtained only by norite adsorption and lead acetate 
precipitation, optima for these decolourations ocouned at pg 1 in the 
former, pg 6 in the latter. Loss of total N or amino-N (Van Slyke) accompany¬ 
ing these deooloorationB was 40 and 25%, or 27 and 17% respectively. Tile 
lead acetate method also has the advantage of removing phenolic and phosphoric 
groupa capable of interfering in the titrations (see later). The AgCl precipita¬ 
tion method gave no complete decolouration, and a loss of 10% amino-N (Van 
Slyke). By eleotrodialysis methods, amino groups migrating to the anode 
compartment underwent destruction. 

The Alcohol TUratable Material. 

It has become clear that there is present in the extract in considerable 
quantity some material which is estimated by alcohol titration but not by 
Van Slyke analysis. It is found that the aubstanoe is not adsorbed or precipi¬ 
tated by the usual clarifying agents or by 50% alcohol, and migrates under acid 
electrolysis as a base. It therefore becomes of first importance to ascertain 
whether the result is due to a nitrogenous base, and if so, to amino-N not 
estimated by Van Slyke analysis. 

Fractumal PrecipUation .—^The technique of the firactionation of aqueous 
plant extracts into nitrogeneous sub-groups has been described by Vickery 
(1924), and has been followed in principle here. Detailed description is not 
given as results did not have the relation to the investigation that was 
anticipated. The procedure was to treat litre quantities of the stock 
aqueous extract progressively with lead acetate, Neuberg's reagent, and phos- 
photungstio acid, and analyse the resulting firactions (after removal of the 
reagents) for total N, amino-N (Van Syke), and amino-N (alcohol). Only 
those fractions which contained the titratable unknown (the supernatant liquid 
—'* fihxate "— in all oases) were further fractionated. All precipitates were 
removed on the oentrifuga and washed at least three times. Concentration of 
the eolations after fractionation and removal of the reagents was carried out 
at 40^ ta VQcm until suitable nitrog^ concentrations for mioroanalyris were 
obtained. Total N on all fikratea sabaequent to Noubeig fraotionatiem was 
detennined by Puoher, Leavenworth, and Vickery’s method (1930) to mohide 
nitrate-N. Lead acetate used for deoolooraricm waa added in the pnqportions 
defined above, at a yrilow-oxanga to methyl red {ca. 0-8). Titntioa of 
phoqihotungstio acid filtrates after attempted removal of the acid wi& buyta 
et am^ alooholretlm waa inqMwnbla owing to a masking blue a l kal in e oefioor. 


YOU oxy.—B. 


II 
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It was readiljr aooomplidiedi however, after a further lead acetate pseoipita- 
tian. 

AoalTtioal data for two of the firaotionatioiia ore presented in Table V. 
The fig ur es give only the general trend of nitrogen distributicm, as repro¬ 
ducibility would require considerable ex{>erienoe of the lengthy precipitations 
involved. In particular, it seems that original material has been omristently 
lost on the precipitates discarded during the manipulation (Table V includes 
the careful analytioal data of Vickery (1924) for alfalfa as a partial check on 
these losses). Yet in spite of this it is at least clear that the titratable unknown 
is neither an amino group precipitable by the Neuberg reagent, nor a nitro¬ 
genous base precipitable by phosphotungstio acid. Of the material, some has 
been lost in the lead acetate precipitate (the bulk of whose nitrogen is of quite 
unknown chemical type (Vickery and Vinson, 1926) and was not traced owing 
to the intense masking colour. Yet in the main, the material simply escaped 
precipitation entirely. 


Table V.—Distribution of nitrc^en after group fractionation. N given as % 
original total soluble N. Italics = data of Vickery for alfalfa. 



Total N. 

Amiiio*N (Van Slyke). 

Amlno-N 

(alcohol 

titration). 

OrigliydN. 

100 



31 


3S 

54 — 

N S lead pf«olp4tat« 

12 

— 

tl 

3-4 

— 

6 4 

CO. 12 — 

„ iMdfittrato . . 

72 

_ 

SS 

20 

— 

29 

42 — 

„ Neaboig pndpHate 

52 

A1 


26 

20 

2S 

28 28 

„ Keobas tUtnto. 

15 

11 

24 

1 

1 


8 9 

„ PT add precipitate . 

2 

5 


0 

01 

— 

0 0 

„ PTaold&rete 


7 

— 


0-4 

_ 

— 8 

f. Anal lead filtrate ... 

— 

8 

— 

— 

0-6 

— 

— 6 


W«ai Aeids, Vreides, ele. —^Although the alcohol titration technique is con¬ 
sidered to be sensitive only to basio gtonps, partial estunation of weak 
acids snob as phenols and certain uxeidee is not excluded (p. 129). It 
can be expected where any monovalent acid is being titrated against a 
multivalent acid indicator {e.g,, pheno^thalein) of similar pg range. In 
Table VI, the magnitude of the paitaal titration—using phenolphtfaalein (p.p.) 
Ps 8*0, or tiiynud^thalem (t.p.), pa, 9*8— of auitsble acids in 0*05 M solation, 
is indicated, p^' values are quoted from the inadequate litaratoie, ud are 
approxiiBate only. Chlotogenio acid was £com ooSee beans, hydantoin and 
uracil were kindfy supplied by Pto fo wor C. R. Harington and Dr, H. R. Ing, 
other samplea were commercial products. The increase of titre hf aleohol 
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addition ia most clearly demonatrated when the acid is monovalent and when 
the indicator change-point oconrs on the acid side of the group titrated. 

The water soluble phenols most commonly discovered in plants (Wehmer, 
1931; link and Walker, 1933) are gallio, salicylic, chlorogenic, and proto- 
catechuic adds, catechol, and quinoL Ckmaidered &om our viewpoint, gaDio 
add is destroyed in alkaline solution too rapidly for titration, salicylic acid is 
too weak 13) and chlorogenic add somewhat too strong (Table VI) to be 
titratable. Of add urddes found to occur, allantoin, xanthine, theobromine, 
and tiidophylline may be presumed titratable, but only the first was soffidently 


Table VI.—^Estimation of weak adds by alcohol titration. Titres given as 
% one equivalent. Procedure exactly as for amino-N. 



Molarity. 

Pk' (weak). 

NmOH titre 
(aqoeoiu). 

InoKaae NaOH titre 
(in 86% aloohol). 

Top-p. 

To t.p. 

Top.p. 

To t-p. 

Owbonio add . . 

HfiH 

10-2 


112 

0 

0 

Gteteohol 


9*5 


SO 

60 

20 

Uiwsll . 


9-5 


SO 

70 

40 

HjeUatoin 


91 


es 

eo 

30 

Protooateohiiio acid 


9*0 

128 

176 

16 

6 

ATlantotn. 


S-9 

40 

90 

46 

18 

eSdoraganto add . 

0-06 

8-5 

ISO 

197 

26 

2 


soluble in water for examination. Hydantoin and uradl were other soluble 
add uiddes. These urddes, titrating definitely in alcohol, gave no positive 
fonnol titration. HCN, finally, is another weak add occasionally found in 
plants, whose behaviour has been examined by Ringer and Grutterink (1926). 

The distribution of such substancee during the firactionationB above should 
now be considered. They would remain in the centre compartment under acid 
eleotrodialyBis, unless ooupled as an ampholyte with some bade group when 
they would migrate to the cathode. In the group fraotionatioas, the phenols, 
except quinol, were predpitable by lead acetate; but the ureides examined 
were not so predpitable. The phenols, except quinol, were predpitated by 
mercuric acetate with or without addition of sodium carbonate as for Neuberg 
predpitation (quinol was oxidised under Neuberg’s conditions); the ureides 
gave a oloudineas, soluble in excess, but were predpitated on addition of 
carbonate; in a quaatitalive test on allantoin almost complete precipitation 
was obtained. Fhos[fiiotungrtio add has been found an effective predpitaat 
for porines, pyrimidines, and ^yoxalines where these have been tested (Drum- 
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mood, 1918; Ptotem, 1930). Conaeqnently it u ideKr that neither phenols nor 
imides ooold have been present in the final filtrate of the group fiaotionation 
to induce the excessive alcohol titee found there. On the other hand, phenols 
mi^t weD be a factor in the excessive titre of the material precipitated by lead 
acetate. Electrodialysu has thrown no light on the matter because of the 
neceesaiy lead precipitation of the undialysed residue. 

Knally, by carrying out a phosphotungstio acid preoipitatioii directly upon 
toe aqueous cocksfoot extract, and examining the fimctions after lead deoohmra- 
tom, it was again confirmed that excessive alcohol titre was not due primarily 
to basin or ureide material, nor to phenols. 

Aoid Bydni^gis. —^HydrolysiB in 6 N H ^04 for 16 hours, followed by removal 
of NH| with NaOH and of Na ,804 with alcohol, concentration and decoloura¬ 
tion by lead acetate, gave no indication of the cause of the excessive alcohol 
titre. Nitrogen figures corresponding to 30% of the original total N as amino- 
N (Van Slyke), and 46% as amino-N (akohol) were obtained after hydrolysu, as 
compared with 26% and 42% for decolourized extracts (Table V) without 
hydrolysis. 

Titration of Aahed Extraata. —By process of elimination it was now increasingly 
clear that the bulk of the excess alcohol titration must be due to inotganic 
material. Data of Britton (1932) on the titration of salts with alkalies pointed 
either to magnesium salts or to alkaline aluminatss as a sonros of toe trouble, 
the alkaline earths being too basic to interfere. In direct alcohol titrations of 
toesc salts, no sharp aid-points could be obtained since the precipitated solid 
^laae hindered rapid attainment of equilibrium. Yet it was soon shown 
that alkaline earth salts did not interfere, that alumina titrated to no mors 
than 6 % after additicm of alcohol, and that ntagnmun aatti wsrs titratad 
to about 75% (p.p.) or 86 % (t,p.) by the adopted alcohol titration teohniquo. 
It was therefore to be expected tiiat the so-called “ amino-N '* determined 
by alcohol titration would persist in part in an atoed extract. 

Aliquots of the stock cocksfoot extiact were atoed, the ato disadved in 
iqiproxinutelyN HCl (or HNO 4 ), and titrated. Alcohol titres of ato ** amino- 
N ’* cottesponding to 10'5% (and 11%) of the original total N were obtained. 
This compared with an average figure of 16% for toe Oxcess alcohol titre 
(Tables lY and V) so that most of the excess was oertainly due to inoifiUMO 
material Indeedi if the magnesium of the dissolved ato were jweoipitated 
as magnesiiiTn ammonium pho^ihato, an estimate of 0*31 gm. 
pqr litre wtrato was obtained, oorresponding in terms of '‘amino-N'’ to 
aaaafefy 14*6% of the total N. Total ash amounted to 7*9^gm. par litie, or 
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460% of tho total soluble N. In anotiter example—an aqueous extiaot of 
peramial rye-grass oontaining ash as high as 1S00% of tiie total soluble N— 
“ amino-N ” titoes on the ash equivalent to 30% of original total N urate 
obtained. Ashed extracts gave no formaldehyde titration. 

SohMt MagnetiuM. —Since there is now strong evidence that the excess 
alcohol titre is due in very large measure to soluble ma gnaRinm, it is necessary 
to demonstrate that any chosen extract contains suflioient ma gnuainnn to 
account for the excess titre. Several diffierent leaf extracts were selected, 
clarified with lead acetate or norite, and ooncentrated to a given volume. 
Aliquots were taken for nitrogen analysis. Tho remainder was ashed, dis¬ 
solved in amd, and analysed for magnesium by precipitation of magnesium 
ammonium phosphate. Estimated magnesium was assumed to be equivalent 
14 76 

1 2• 16 ^ ITO 0‘86) parts by weight of “amino-N." It should be 

noted that the estimation of magnesium by alcohol titration is the ordinary 
behaviour to be expected of it as a base, and ooirelates perfectly with the 
zwitterionio interpretation of the alcohol titration of amino acids as a titration 
of b a s i c groups. The titration is incomplete because mAg nmiinni ia too strong 
a base for satisfactory tibration by the procedure standardised for these 
experiments. Although precipitation occurs during titration, titration is not 
intimately dependent upon it. This viewpoint is much mote consistent titan 
that of Willstfttter and WaUsohmidt-Leits (1923) who, finding that their 
method, believed to titrate acid groups, is able also to titrate magnwwmw, 
consider this to be due to complete insolubility of Mg(OH)a in the solvent 


Table VII.—Correlation of magnesium content with excess alcohol titre. 
Data given as weight % of amino-N (Van Slyke) of treated extracts. 





Aloohol 

Extmot, 

MagDeeinm. 

eqniTaJeot 

titrfttioQ 


of Mg. 

" N." 

Ooekafoot cstrmot, treffited with PbAcg. 

60 

06 

■PH 

Ooahifoot ertimct, treated with oorite . 

Viitey*! “ ffiUUfik rntmto,** treffitod with PbAo, 

73 

63 


i ^ 

69 


l4M«DO JIlp tnffited with PbAe^ . 

1 M 

46 


BWkd be»a U (dried leeX h tMted with PbAog 

1 ^ 

46 

WbM 


lUde Vn de|»ota the results. The alfalfa filtiate was an original sample 
kindly snpplied by Dr. H. Vickery. In cnty one extiaot of the five was there 
dirtfaMtfy insufficient "'■g"—to account for the observed increase of 
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iJoohol titre aboT« the ideal 100%. This ezfaraot was a broad-bean extract, 
notable for the appearance of masldng oolouis during titration, rendering the 
end-points uncertain. Nevertheless, more extraots should be exa m ined to 
establish surely that sufficient magnesium always occurs in an extract to 
account for the excess alcohol-titratable “ umino-N.” 

Com/forative TilnUions. 

Numerous minor modifications of the two titration ptinciplea quoted in the 
introduction are to be found. Careful consideration is requited before these 
may be applied indiscriminately. Most frequently, these modifications have 
been based on evidence afiorded by titrating pure solutions of single am^ 
acids &om their isoelectric point in water to some di&rent chosen end-point 
after formaldehyde or alcohol addition. This can afford a true control only 
when working conditions are such that the titration is made from an indicator 
approximating to the isoelectric range of amino acids in water to some different 
chosen end-point after formaldehyde or alcohol addition. 

Such methods have been used with the fomuildehyde titration by Henriques 
and Serensen (1910) using litmus paper and phenolphthalein (p.p.), and by 
Lfieis (1920), Qrttnhut (1919), and Northrop (1926), using neutral red (n.T.) 
and p.p.; Tillmans and Kiesgen (1927) have used n.r. and thjrmolphthalein 
(t.p.) for the alcohol titration. The methods necessitate, as confirmed by the 
authors, cmnplete removal of phosphates, carbonates, and any other groups 
titrating partially between 7 and 9, which would otherwise be included in 
the titration. Lfiets, especially, by his carefully applied formaldehyde 
method, obtains data for cereal extraots in which the interference can be 
clearly seen, as aqueous titres between n.r. and p.p. in the untreated extract 
are often larger than the Med Jormeddeh p de titre (between n.r. and p.p.) in 
the phoBphate-ftee extract. Likewise, the two-indicator titrations of Harris 
(1923) from t.p. in alcohol back to mj. (methyl red) still in alcohol is liable to 
interference, not only from phosphates, etc., but even from overlapping of the 
weaker oarboxj^c acids. 

To avoid interfarenoe by phosphates, etc., many workers prefer to use only 
one indicator, titrating to it first in water, and then again after addition of 
formaldehyde or alcohol Wherethi8iBdone,noolaimastoqnaatitativeaoonra^ 
based on the titration of single amino adds as above can be made, as it has no 
reference to working conditions. This inherent defect shonld not be forgotten 
if applying anslyticaUty such methods as the formaldehyde methods of Mai* 
fotti (1909) and Oole (1928), or the alcohol methods of Foreman (1920) and 
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fi nuMinMip and Heyde (1929). Nerertheleas these titree will bear an appioxi- 
mately constant ratio to true ammo-N, whereas two-indioator methods will 
vary fortnitoosly aoooiding to the presence of phosphates, etc. A moce 
detailed discussion of these efieote is given later, In the meantime, the great 
diversity of oonditions which have been used is illustrated in Table VIII by 
a r4snm£ of some of the methods used in biology. 


Table VIII.—of Methods. 
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Beaaent 
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Final 


Author. 


(oonoentratioa 

(oonoontration 
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FH 

Alkali. 

extract. 

before 
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Pn. 

(appMMt). 
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10 

CH,0 till 

mmirimnm 

titre 00 . 8% 

p.p. 
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Fiiet red 

Foreman (19^) . 

n 

(10) 

0 

80% alcohol 

0*0011% p.p. 
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Fint nd 


70% alcohol 
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to 



Qnwuna and H^yd. 
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i-0% CH,0 
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0*004% tp. 
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CImrUus 
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N/U N«OH 

0*lNftlo.KOH 
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W 

11% CH,0 

/ Utmiu paper 
\0*0033% p.p. 
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1 

j 

• 0*2NNaOH 

Ltai ( 1020). QrOnhut 
(1010) 

} sot 

8% CH,0 

/0'002% n.t. 
\O*00S7% p.p. 

7*1 

0*2 

1 

J 

> O lNKaOR 

HudideU) . 

6 

80% alcohol 

r t.p. 

1 mj. 

Pale blue 

0*4 

1 

J 

. (0*1 M HCI) 

Nwthn^ (19S8). 

5 1 

6% CH,0 

J n.r, 

\0*004% p.p. 

«. 7 

8*0 

1 

J 

^ 0 01 N NaOH 

TIUmani and KiMgoi 
(IW7) 

} “ 

80% alcohol 

/ ILf. 

\0*0086% t.p. 

7 

Pint blue 

1 OltlNaOH 


* —POfi —OOj, snd NH| fxc^ 


t —PO* and —CO, ftw*. 


Owing to this divenitjr of method, it was desinble to oompaie the applioa* 
tion of typical methods to complex material undet identical conditions. 
These titrations were therefore oondooted under the firilowing standardised 
conditions: FmuMdiffde (itnirion firam the Mowing end-points in water 
to the same end-points in 9% CH|0 (9% at end of titration): (a) ca. pg 7*5, 
mid-point of 9*001% D.r. ; (b) pg 8*4, first definite oolont of 0*004% p.p.; 
(e) pg 9*4, first definite oolonr of 0*01% hp.; from these titres, the title, n.r. 
(aq.) to tp. (formaldehyde), was also detetmined. AteeiUl iiMion from the 
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p.p. and t.p. ead-pointB in water to the aame end-points in aloohd (CA% at 
end of titration), and ftom the t.p. end-point in 80% alcohol to a m.r. end¬ 
point (first redness, pn ^’0) eloohol. Fornuiiehyde-aiMM titra¬ 

tion from the p.p. end-point in water to the same end-point in 3% GH/)-70% 
alcohol (% at end of titration). Indicator eonoentrations were maintained at 
0-001% p.p. and t.p., and 0-0010% m.T. where not otherwise mentioned. 

Tkf/molptUhdlein tn the Formaldehyde Titration. —Sorensen (1907) was onlj 
able to use thymolphthalein in the presence of formaldehyde if at least 13% 
alcohol was also present. Foreman (1928) has discarded it entirely. From a 
farther examination it is found that t.p. is slowly (10 minutes) but completely 
ptreoipitated by formaldehyde from any aqueous solulion not alkaline to pn 11. 
The effect is reversed by heat, by oonoentrationB of alcohol above 12%, or by 
mganic solvents in general. Comparable precipitation by formaldehyde is 
not observed with thymol blue, phenolphthalein, or other phtiialein or sulphon- 
{ditiudein indioatois. t.p. may give approximate results in the formaldehyde 
titration if the technique is sufficiently rapid. 

Titration Results ,—In Table X comparisons using these representative 
methods on a series of leaf extracts have been made. Great refinement was 
regarded as saperfiuons, since no titrimetrio method can be specific and yet 
qoanritative for amino-N. The titrations were carried out as described witih 
ordinary titrimetrio care. As an example, full data for a runner bean extract 
an given. 25 o.o. of the coloured extract, containing 42 mg. total N, and 
12*6 mg. amino-N (Van Slyke), wen brought to pa 6-8 and deooburiaed by 
addition of 4 o.o. saturated lead acetate, etc. After nmoval of lead, and 
washing, 33 o,o. of very pale yellow extract wen obtained. 2 o.c. sampka of 
this extract wen taken and estimated. Details an given in Table IX. 

The end-points with n.r. and m.r. wen very poor, as the divergence in 
duplicate titrations shows, while data with t.p. an at best only approximate. 
For these reasons, titrations other than those to p.p., an quoted in Table X to 
the nearest 6%. Titrations with broad bean wen always obscured by the 
appearance cf bro w n colours in alkaline solutions. 

NevertheleaB, certain main features of the comparisons an quite out¬ 
standing. For instance, the for m dU Ay do titration with hp. as an 
is consistently little morn than hatf as large as with p.p. as indicator. WMi 
nj., the titration is about 90% as large. With the two-indicator titration, 
D.x.-tp., titrations wen about 120% as large as the p.p. titration. Tbe results 
did not show much fortuitous variation due to phosphates, etc., as these had 
been pradjutated m lead salts. The aoounoy of the latter estimation is 
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Table IX.—Details of amino-N detennination iu runner bean eztnuit. 

Van Slyke estimation: 1-04 o.o. nitrogen (corrected for blank) at 17° and 
760 mm. = 0*60 mg. amino-N per 2 o.c. 


Aqueous 

tltn 


amino-N 


titeo mtie Roagent Gorreoied . "r®'vT amino-t 

(O.C. N incmaae. wSk. Jncteoae. {Van 

N.OH). p«2c.c. 


Formalddiyde titration. 2 o.o. 40% formaldoh 3 rde per 2 c.o. aliquot. 




O. 0 .101N/S5NaOR. I 

_A_ 


D.r. 

CO. 0-28 ^ 

2-301 
2-40 J 


1-3 

-\ 

1-06 

0-42 

P-P- 

CO. 0-29 { 

2 -aol 

2-82 J 


1-4 

1'21 

0-49 

tp. 

CO. 0-31 { 

2-201 

2-25J 


Id 

0-02 

0-23 

n^.-t«p. 

- { 

3-001 

3-JOj 

^(rapid) 

1-6 

1-47 

0-60 


Akohol titration 26 'c.o. 96% alcohol per 2 o.o. aliquot. 




c.c. O'OOl N alcoholic NaOH. 

_A_ 


PP- 

0*. 0-20 ^ 

1 42^ 

1-46/ 

0-17 

1 

1-27 

0-01 

t-P- 

oo. 0*81 ^ 

l-05\ 

1-10/ 

0-22 

0-86 

0-61 



0 . 0 . 0-049 K aloolioHo HCI. 

_A_ 



- { 

i.7-> 

1-8/ 

0*22 

1-53 

1-00 


FamdUekydealeoliol (tlration, 20 g.c. 96% alcohol per 2 o.o. aliquot. 
I I c.c.OOSlNak>oholioN«OH. I I 


p.p. ee.0.S8 {| };“} 


0-lS l-SS 


20 C.O. 96% alcohol -f 2 o.c. 40% fotmaldehTde per 2 o.o. aliquot. 


p.p. n.0'M 


{[ iSi 


1-06 1-22 
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Teduoed, however, hj the difficulty of the orange and greenieh end-pointa. 
If mffioient material is available, this titration is more oonveniently performed 
on aliquots, the first to n.r. in water, the second to t.p, (p.p*) in formaldehyde. 
The formaldehyde (p.p.) titration estimates in decoloured grass extracts aboat 
65% of their amino-N (Van Slyke), in brussels spronta 85%, and in legumes, 
variable but generally 70 to 85%. Whether the individual variations are due 
to errors of the Van Slyke or the formaldehyde method has not been ascertained, 
but the evidence is undoubtedly that general magnitudes by the Van Slyke 
method are reproduced by the formaldehyde (p.p.) method. 


Table X.—Comparative determination of amino-N in leaf extracts. litres calculated as % 
of amino-N (Van Slyke) of treated extracts. 



j Ainmo.N 

1 (Van Slyke) 

Formaldeliydo titratioo. 

Alcohol titration. 

FcmaMa- 

hyde 

aloohol 

Extimct. 



1 

1 





(mg. per 



t.p. 

n.r.- 

p.p. 

t.p. 

t.p.- 

titration 


2 C.P.). 

n.r. 

p.p. 

i 

t.p. 

m.r. 

P-P* 

Cododbot. \md flltmts 

u-m 

so 

90 

55 

no 

U9 

105 

180 

16S 

CV»okifoot, Ntaboig wBolpItata ... 
CoekiliMa, Neabenr mtnta 

Codnfoot, Qorltomtrate,pt I'l ... 


BS 

01 

96 

SA 

115 

106 

1000 

50 

HOC 

100 

3000 

us 

im 


1 “ 

00 

— 

— 

156 

— 

— 

— 

(bdufoot. Qoiito flitrete, 2 * 6 . 

0*62 

— 

101 

— 

— 

152 

— 

— 

— 

lAoeme I, leid flltnte 

0<38 


SO 


_ 

260 



255 

liOMnw (1, letd flitmto 

Loowm in, lead filtrate 

0'S2 

— 

71 


125 

350 

360 

405 

350 

0-99 

_ 

73 


— 

141 




VfoksiyV ** alfalfa Altiate," lead 










fittmte . 

1*40 

— 

103 


— 

163 

* 

— 

— 

Broad bean 1, lead fllirate 

ISO 

70 

S2 

40 

105 

08 

10 

105 

103 

Broad bean U, lead filtrate 

OM 

_ 

75 

— 

— 

IM 

_ 

— 

_ 

Broad bean III, lead filtrate 

0-72 

— 

01 

— 

— 

151 

30 

155 

IQI 

Kunnar bean, lead filtrate . , , , , 


70 

52 

40 

100 

150 

100 

176 

145 

Bnwali ipnMiU, lead filtrate,. 


00 

S6 

45 

no 

182 

150 

215 

1S7 

Na malate (% 1 eqalvaJent) . 


— 


_ 

— 

_ 


20(60) 

__ 

Na nooinata {% 1 eqoivaleiit) . 





—' 

— 


50(05) 



This is not true of titrations using large concentrations of alcohol. In the 
alcohol and the fomaldehydoidcohol titrations analyses varying fortuitously from 
the Von Slyke figures by 100 to 350% are obtained. The^belief that these 
variationB are due to magnesium is still farther strengthened by their nature, 
firstly because they are not removed by norite or lead acetate and are not 
precipitated by Neuberg's reagent, but are greatly magnified in the filtrate 
therefrom (the low amino-N (Van of this filtrate makes the peroentags 
figoiet approximate only); secondly, became they vary maricedly in diflerent 
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extracts of the same plant, and thirdly, beoaiue, where they are largest, the 
titntkm to t.p. is even larger. This is not true of extracts in which the aloohol 
titration to p.p. agrees with the Van Slyke figure, bat is behaviour oharacteristio 
of solutions of magnesium. In the absence of magnesium, the t.p. and t.p.-m.r. 
titrations are analogous to the similar titrations in formaldehyde. The t.p.- 
m.r. end-points are difficult, as expected, and it is shown, for example (Table 
X), that in the back titration to m.r., the weak groups of malic and succinic 
aoids were 20 and 60% estimated, respectively, or, using the orange end-point 
of Harris (1923), 60 and 96% estimated. Succinic acid was not removable by 
lead acetate at 6. 

As it is unfortunately impracticable to remove magnesium from the extracts, 
the alcohol and formaldehyde-alcohol methods (which yield closely similar 
results throughout) must be discarded in most biological analyses. 

Titration by Acetone Addition .—^The substitution of acetone for alcohol in 
the titrations was introduced by Foreman (1920). In this solvent, however, 
interference by magnesium will be even more pronounced. In general, any 
oharacteristio of the alcohol titration reappears in the acetone titration with 
greater emphasis, and the method has not been separately examined. 

Titration by other Aldehydes. —0*1 M glycine and 0*04 M Na aspartate gave 
no increase of phenolphthalein titre in 0*6 M chloral hydrate or M glucose in 
the cold, but gave a slow increase with 2/3 saturated furfural, with colouration, 
on standing at about 9. 


Discussion, 

No oritioal biological application of the methods for determining amino-N 
in the light of recent developments in theoretical interpretation has so far 
appeared. Methods, preferred in one field for empirical reasons, have been 
adopted without discrimination in other fields as having the same degree of 
accuracy. For instance, the alcohol titration method, long used with satis¬ 
faction in following enxymio reaction, has recently been applied both to meat 
extracts (Foreman, 1928) and to plant extracts (Rahn, 1932). By the former 
a difference between alcohol titratable and formaldehyde titratable groups la 
called “ non-volatile amines," and by the latter a difference between amino-N 
(aloohol) and amino-N (Van Slyke) is called "firmly-bound polypeptides.” 
No such assertions would have appeared if the theoretical implications had 
been more desriy visible at the time. It is now possible to forecast more 
oorzeotly the value of any method, and to choose the one most appropriate 
tot any particnilai purpose. 
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Fan Stj/he MtOui. —The limitatiaiu ci tlie Van Siyke method have been 
Boffldently well inveetigated experimentally to need little fmtiier diaonnion 
(Van l^yke, 1911; Schmidt, 1929). Ehron dne to manipnlation (Lamatm, 
1924; Barenaen and Wahher, 1928), or the preaenoe of tannine (Kahn, 1982) 
have been varionaly oonaiderod. The impeifeotiona among aotnal a-amino 
aoida and peptides were mentioned in the introduction. Belated groups auoh 
as amino groups not in the a position to —GOOH have been examined by 
Dunn and Schmidt (1922), or in peptides by Qreenstein (1983). Of other 
substances, reaction has been demonstrated with ammonia and the amines 
(Van Slyke, 1912 ; Roecnthaler, 1929), urea (Plimmer, 1926), amides, ureides, 
and g uan i d i ne s (Wilson, 1923 ; PUmmer, 1926), glutamine amide-N (ChibnaU 
and Westall, 1932), indoles (Schmidt, 1929), and amino-purines and -pyrimidines 
(Wilson, 1923). No reaction is observed with proline, oi^proline (Van Slyke, 
1911), betaine, sarcosine, brucine (Wilson, 1923), hydraxines, certain cydio 
nitrogen compounds (Rosenthaler, 1929), gbioose, oxalic, formic, and glyoollio 
acids (Schmidt, 1929). Often the temperatore coefficient of the rate of 
reaction is large (Dunn and Schmidt, 1922; Wilson, 1923). Under our con¬ 
ditions (17° and 10 minutes) the reaction has probably estimated, glutamine 
186%, lysine 90%, lysyl peptides 100%, glyoyl peptides 180%, cystine and 
glycine 107%, and adenine 26% of the expected amino-N, and ammonia 20%, 
onatinine 20%, and urea, ureides, and guanidines 0 to 6%, of one N atmn. 
The method of Van Slyke is therefore not fires flrom considerable uncertainty 
where, as in plant extracts, many of these substances may be present. 

TUratton Mt/Ouit, ThtontiedL—^Thfi limitations of the titration methods 
requite fhllet discussion as, although the methods are themselves varied, they 
may be treated comprehensively instead of empirically for each method as 
hitherto. From the theory of acid-base titrations (see e.g.. Cole, 1928, 12 rt 
ssjf.) it is an inevitable consequence that gradual titration fimm 1% neutrahia- 
tion to 99% neutralization requires a change of 4 pq units. Cionvetsely, if 
some group is being titrated from an initial point (perhaps an indicator) to 
anotiier indicator whose colour change is only 4 umts removed from the 
fint, titntioD cannot exceed, and may be less than 96% tiieorerioaL The 
98% tatm is a m a x i m um that can only be obtained if tbe pa of 60% neutzaliaa- 
(Px') •rf the group is midway between the indioaton, •>&, when, say, 
KHtPQi, Pa* (second phosidiorio) at 7*2, is titrated firom ntr., pg 6*2, to 
t*P*iPn9‘2. If instead the Pg, is 3 Pa units from the first indkatot and only 
(me fimm the seco n d or vioe verso, i. 0 ., titiating KHaP 04 firam bron^henol 
blue (4*2) to p.p. (8.2), the first indkatcr oolour (8 units tiwap) ooours.at 
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0*1% neutnlixation, the second (1 unit away) when there is still 9*1% un- 
neotralized. Titration cannot exceed 90*8% theoretioal, and the second 
end-point can never be sharp. 

Consequently, in any titration when for any reason the p„ range between 
end-points is limited, it is essential to choose indicators such that the group 
titrated stands midway between them. Or if a number of groups of similar 
strengths, in a complex medium, are to be estimated together, their mean 
p^, should stand midway between the indicators. Or, finally, if the mean 
is unknown, one can at least state that titration between indicators which lie 
too acid or too alkaline will be smaller than titrations between the best 
sitnated indicators. These general consequences of titrimetric theory are, of 
course, well known. 

Now, as described in the previous paper (p. 129) the effect of adding 
alcohol or formaldehyde to solutions of amino acids is to reverse the 
positions which the indicator and amino groups occupy with respect to each 
other. Thus, whereas in water p.p. becomes coloured at 8*2, t.«., 
about 1 to 1 *4 Pa units on the acid side of the emino acids, after 

addition of formaldehyde or alcohol, p.p. will not become coloured until 1 to 
2 units on the alkaline side of their Px-s.* In other words, whereas p.p. is 
ooloared in water before the amino groups have been titrated very far with 
NaOH, in formaldehyde or alcohol the amino groups must now be very con¬ 
siderably titrated before p.p. becomes coloured. This gives an increased 
titration, after addition of the formaldehyde or alcohol, which is a measure 
' ci the amino-N cmtent of the solution. 

The effect may be quite legitimately compared with a simple aqueous titra¬ 
tion between two indicators, in which the p^ range between the indicators is 
for 10% formaldehyde 2*0 to 3 p^ units and for 85% aloohol 3*6 pg unite. 
This Ph range is definitely too small for quantitative titration of amino groups 
by the one-indicator method. Moreover, the maximum titre, 90 to 96% will 
be greatly influenced by the choice of indicator, which should lie as far to the 
aoid side of the mean amino niteogen p^* before formaldehyde or aloohoi 
addition as it does to the alkaline side afterwards. Since, therefore, the first 
colour of p.p. appears at 1 to 1 *4 pg units (half the available titration range) 
on the acid side of the mean px- of amino groups, ca. 9*6, this indicator seems, 
very happity, to be an ideal choice for the titration. 

*1betennpc'ishsnsii|iliedtosbatelntheteosesaggestedby Btensted,iA,al4— 
so that it is sxpwtri dbestly la tsms of the pu seala All ps* quoted aie the seoepted 
values from leoeat li t ees tw e. 
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One-tntUoator Methods .—^Thus uo one-indkator method u able to piovide 
folly quantitative meaBozement of amino-N. The peioentage eatimatioii, 
which can be easily calculated, will vary for the separate amino adds aoooidmg 
to the p](. of the individual amino acid and the of the chosen end-point 
(for p.p. (ph 8' 2) the ideal p^, is oa. 9'7). Strong basic groups (betaines and 
the guanidine groups of arginine and creatine) are not estimated; neither are 
weak basic groups (the cyclic N of histidine, p^^. 6-0, creatinine, 4-7, and trypto¬ 
phane, cC 1—compare Serensen, 1907). Amines (and amino groups not at to 
—COOH), mean p^.' 18‘6, proline, 10*6, and saroosine, 10-0, will be incom¬ 
pletely titrated at the final p.p. end-point (compare Serensen, 1907; Glementi» 
1916; Martens, 1927) and would give more quantitative resutts with a more 
alkaline end-point. On the other hand, the amino groups of phenylalanine, 
tyrosine, histidine, 9-2, lysine (first), arginine, 9-0, and cystine, 7-5 and 9-0, 
and particularly of any peptides, 8*3, will be partiaUy titrated before the 
first end-point (compare Henriques and Qjaldbfik, 1911; Foreman, 1920; 
WiUst&ttor and WsldBchmidt-LeitE, 1921; Martens, 1927), and would be 
better estimated with a more acid end-point. Incidentally, the titre ratios, 
litmus to p.p, (8-3) in water: litmus to p.p. (9*1) in formaldeh]rde, quoted 
by Henriques and Gjalb&k (1911) and Qrllnhnt (1919), give very useful indica¬ 
tion for many examples of the extent of initial titration. Some less common 
amino adds requiring special notice are, thiol-histidine 8 - 6, cysteine, 8 - 2, di-iodo> 
tyrosine 7-8. In the light of this discussion, the result of Table X that n.r. 
(Pb 7-6) estimates 90% of the p.p. titre (pn 8-4) of our extracts, whereas tip.. 
(Pb 8'4) estimates only 60% is not at all surprising. 

Of the one-indicator methods, the formaldehyde titre has a decided advantage 
over the alcohol titre, in that it depends on a chemical reaction apparently 
■peoifle for amino groups, whereas the alcohol titre depends on a physioal 
phenomenon without chemical spedfidty. Thus formaldehyde titration 
estimates, as above, only primary amines, secondary amines (proline af>4 
saroosine), and ammonia (p^- 9-3—compare Serensen, 1907); whereas alcohol 
titntion includes to some extent any group of pc> 9 to 10 whose strength is 
altered differently by alcohol from the alteration of strength of p.p. (a multi¬ 
valent add). Thus, alcohol titration (p.p.) will partly estimate not only the- 
above bases, but also magnesium qr such alkaloids as have appropriate badoity 
(s.p., nicotine, Pb' 8'1i will be part titrated) and even monobasiondds of similar 
Pb'B- This has been clearly shown in Table VI for weak adds, and in Table 
Vn for magnesium. Again, alcohol titration of extracts containing much 
inongaiuo matter or protein is complicated by piedpitation of matenal, with* 
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possible loss of amino-N (Sstensen and WaUber, 1928). For both these 
reasons, the general nsefnlneaa of the alcohol titration as compared with the 
fbnnaldehTde tiit^tion is seriously limited. 

Tvo-indioator Methods. —^These methods, in effect, titrate first in aqaeons 
solution from n.r. (p^ 7*0) to p.p. (p^ 8-3), covering 1 -3 units, and then to 
p.p. again after formaldehyde or alcohol addition, giving 2 to 3 pa units more. 
This has the advantage (a) of a total pa range of 4 units (2*5 units to the mean 
amino-N p^. and 1*6 afterwards) permitting 97% titration, and (b) of much 
completer estimation of those amino acids with weak —^NH| groups (arginine, 
lysine, cystine, and the dipeptides—see helow). On the other hand, as has 
been noted, it is dangerously interfered with by phosphates, pa> 7 *2, and by 
weak acids such as ohlorogenio acid, 8*5, silicic acid, 9, or the second groups 
of citraconio and maleic adds, 6*6, if these should be present in the extract 
under examination. Harris’ two-indioator method using m.T., has been shown 
to be disturbed not only by these acids, but even by the weak groups of malio, 
fi'l, Bucdnic, 5-6, or citric adds, 6-6. 

Therefore, though these two-indicator methods give greater aoounu^ in 
estimating solutions which contain solely amino acids and peptides, they 
provide reasonable accuracy in other solutions only if pre-treatment has 
removed all interfering groups somewhat titratable in water between tho 
chosen indicators. Our very tentative results show that decolouration by 
lead acetate has precipitated sufficient of these groups to allow a close corre- 
spondenoe between the one-indicator and the two-indicator titres, the latter 
being larger by 20%. In such case, however, the two-indicator methods 
still suffer from the original specificity defects of the one-indicator methods. 

It is, of course, obvious that the two-indicator aquemu titration methods of 
Harris (1923), Tillmans and Kiesgen (1927), and Felix and Muller (1927), 
titrating ftom pn 7 to pa 11'6, can only be applied safely to solutions com¬ 
prised solely of amino acids and peptides as titratable material 

Previoua InveitigatioM. —It remains, lastly, to summarize the few previous 
comparative investigations. Cook (1914) compares the Van Slyke and 
formaldehyde methods, used witiiout description, on twelve commercial 
v^^ble and meat extracts, and finds the formaldehyde titration to average 
but 60% ofits Van l^yke equivalent That this may be due to some peculiarity 
of the extracts such as a high proportion of peptide-N is suggested by the later 
work of litters (1920) on two protein digests and one plant extract, in which 
amino-N by bis two-indicator fonnaldehyde titration is 107 to 126% of amino-N 
(Van Slyke). In Table X our results are of this latter order. It is recalled 
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abo that the Van Blyke method has been TariooBly criticized owing to the 
possibility of reaction with reducing agents presenti or of hydrolysis by action 
of the strong reagents employed. Rahn (1932) comparing Van Slyke and 
alcohol (p-p.) values on a root extiaot, finds the latter value to be in ezneas, 
almost certainly an indication of magnesium, but described by this author as 
“ firmly bound polypeptides.” 

Purely titrimetrio methods have beeu compared by Tillmans and Kiesgeu 
(1927), who obtain snbstantial agreement upon sevw food extracts with their 
two-indicator methods: n.r. to p.p. in formaldehyde, n.r. to t.p. in aloohol, 
and n.r. to tiopaeolin 0 in water. Bince each method uses the same initial 
point, weak acids may be included in these estimations unnoticed unless so 
weak as to be titrated by tropaoolin 0 but not by p.p. One meat extract 
gives 108% of its p.p. value for tropaeolin 0, or 105% for t.p. This may be 
duo to snoh a weak acid, or to magnesium. Agreement between contrasted 
two-indicator titrations does not necessarily imply accuracy and specificity 
in the estimation of amino-N, Foreman (1928) has compared the formaldehyde 
and alcohol titrations as one-indicator methods, using meat extract media and 
one sample of urine. He finds the alcohol titre, after distilling off ammonia 
(volatile bases), to be invariably higher than the formaldehyde titre. The 
disparity, regarded by him as due to ” non-volatile amines,” is almoet certainly 
due to the partial inclusion of magnesium in the alcohol titration. Thus, a 
normal 24-honi urine contains amino-N and magnesium in quantities averaging 
(in terms of titiatable ” N ”) 25 and 20% of ammonia-N ; it is rather significant 
that the formaldehyde titre of the urine and its actual disparity from the alcohol 
litre were respectively 14% aud 18% of the ammonia litre in Foreman’s 
experiment. Likewise, the disparity in the meat extract media, which was 
also large, showed behaviour expected of magnesiom, since it remained constant 
daring the oourse of bacterial action, and was preoipitable from neutral solution 
to the extent of 10 to 26% by adding 88% alcohol 

Foreman (1930), Harris (1923), and Martens (1927) compare various titri- 
metrio methods upon pure amino acids. The rauHs accord with the ej^eota- 
tions from the known amino acids, md the influence on them of 

alcohol or formaldehyde addition. The comparison of methods upon protein 
hydrolysates is disouseed in the p^eviaus paper (p. 138). 

Reasons for ne^eoting the Folin oolourimetrio method appear in papers of 
EUinghaus (1916) on protein digests, and of Zirm and Benedict (1931) on 
protein-free blood sera. These critioums, however, require levahiating in the 
li^ of the reoenUy mqwoved method of ]>anielsoa (1933). The method is 
prefetred to the Van Slyke method fbr bacterial oultare media by De Bold (1923). 
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ConAnnom. 

In a simple amino add-polypeptide solution, two-indioator titrations are 
obviously most nearly quantitative. For the same end-points, acetone (NaOH) 
titration is more nearly quantitative, while alcohol (NaOH) titration is slightly 
more so than formaldehyde (NaOH) titration. The first two methods are 
discounted, however, by the common oocurrence of precipitation, the Utter by 
the inability to use thymolphthalein as indicator. Acetone (HCl) titration is 
not a direct measure of amino^N, as it estimates —COOH groups. 

In coloured biological extracts, the Van Slyke method is preferred in spite 
of its uncertainties, since efiective deooloorants for titration removed also 
16 to 26% of amino-N (Van Slyke) by their action. In the extracts examined, 
duplioate Van Slyke estimations did not vary by more than 0 *03 o.o. nitrog^ 
If decolourants may be used, the consequent loss of N being purposely neglected, 
then lead acetate at 6 is preferred, as it removed rather less N than did 
norite, and simultaneously precipitated weak acids disturbing the titrations 
(phosphates, chlozogenates, etc.). 

In lead-treated biological extracts, the two-indicator formaldehyde titration 
(a.r.-p.p.) is preferred (LUers, 1920 ; QrUnhut, 1919), provided it is compared 
always with the one-indicator formaldehyde titration (p.p.) as a control of the 
fortuitous presence of disturbing titratable groups. As far as present informa¬ 
tion is avaiUble, it is less subject to chance variation than is the Van Slyke 
method. Alcohol and aqueous (NaOH) titrations are to be avoided, as they 
have no real specificity for amino-N. 

In non-coloured biolc^oal extracts, the remarks for lead-treated extracts 
apply, except that two-indioator methods are not recommended unless weak 
adds are first removed by some method such as the lead precipitation above. 
For direct estimation,, the one-indicator formaldehyde titration (p.p.) is 
preferred, on the whole, to the Van Slyke method, as being quicker and more 
spedfio for amino-N, but it is probably not more than 96% quantitative and 
would be considerably leas so in the presence of much peptide amino-N. 

The author is greatly indebted to Professor A. C. Cbibuall for his helpful 
advice and enoouragemoLt, to Mr. R. G. Weetall for the tedious Kjeldohl, Van 
Blyke, and magnesium estimationsk and for manipulative assistanoe, and to 
the Departinent of Scientific and Industrial Reseaioh for a reaearoh grant. 
The cost of the reaearoh has been defrayed by a grant from Imperial Chemical 
Industriee, Ltd., to Profeaeor Chilmall in connection with leseaioheB upon the 
biochemistry of graseee. 
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Summarff. 

Compariaoa of titrimetrio and Van Slyka methods of estimating amino-N 
in biologioal ertoaots has been made. Eight modifioations of the fonnaUehyde 
sod alcohol titostion methods are included in an examination of plant leaf 
extracts. 

All alcohol (or acetone) methods for amino-N are discarded for biological 
extracts owing to lack of specificity. Magnesium, which cannot be readily 
removed, and various weak acids, ate titrated as amino-N by such methods. 

Existing literature on the estimation of amino-N is summarized and the 
general usefulness and accuracy of the methods discussed. For coloured 
biological extracts, the Van Slyke method is preferred, but the formaldehyde 
(phenolphthalein) titration has advantages for colourless extracts. The 
implications of the zwitterion conception on the interpretation of titrimetrio 
methods is stressed. 

The effect of on the efficiency of norite and lead acetate as decolourants 
of leaf extracts has been investigated. Lead acetate at ^ ^ adopted in 
preference to norite at Ph The colourstuff of the extract is found to migrate 
as an ampholyte during electrodialysis. 

Note. —In a paper which has recently appeared (October, 1933), Van Slyke 
and Kirk examine the Van Slyke, Folin colorimetric, and formaldehyde 
naethods as applied to blood and urine. They obtain substantial agreement 
between the Van Slyke and formaldehyde methods, and severely criticize the 
cobrimetrio method applied as originally described. They examine the 
acetone titration, adapted to blood sera by Ziim and Benedict (1931), and show 
it to titrate carboxylic adds. 
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The D^erential Titration of Mixed Strong and Weak Adda. 

A Method for “ Free HCl ” in Oasbric Contents^ etc. 

By Qkobob Maxwell Rigbaboson. 

(Ffam the Koohemistry DepftrtiiMnt» TmppriaJ CSoUege of Boionoe and Toohnology, 

Ijcmdno, 8.W.7.) 

(Communicated by C. R. Harmgton, F.R.S.—Received January 16, 1034.) 

It ia frequently convenient to be able to di^nguiah between strong inorganio 
adds and weaker acids present in the same aqueous solution. Biochemioally, 
such a distinoiion is required in analysing gastric contents for free HOt” 
in titrating blood for ** organic adds/’ in determining free addity during the 
course of peptic digestion, and so otu Chemically, it is usefiil to be able to 
estiinate by direct acid titration moderately strong add groups combined as 
saUs (such as sodium acetate, sodium potassium tartrate, potassium citrate, 
lead acetate, etc.). Available methods were dther entirely approximate or 
even podtively inaccurate. To remedy ttus position, a simple modification 
affording considerable quantitative improvement is now proposed* 

The difficulty common to current methods (see Hawk, 1931; Hollander, 
1931) is chiefly that of distinguishing strong adds (folly dissociated) from other 
unknown adds only slightly lees strong (not fully dissociated), by an end¬ 
point which depends on Pq alone. No new choice of indicator can improve 
the quantitative uncertainty as to how far these unknown moderately strong 
acids have partidpated as " strong adds ” in an estimation, and, in fact, no 
improvement is possible unless tiie addity of the moderately strong adds is so 
depressed as to minimise the extent of their interference. The inherent advan¬ 
tage of titration in non-aqueous solvents over ordinary aqueous titrations in 
this direction has long been realised (Bishop, Kittiedge, and Hildebrand, 1922); 
but the procedure cannot be used in biochemical estimations, where the erq^eri- 
mental material is in aqueous solution. Yet it is strange that the obvious device 
—the basis of which was established by Cray and Westrip (1925)—of adding 
muoible organic solvents (acetone) to these aqueous Bolutions, has not been 
adequately elicited as a simple practical method. Preliminary notice of such 
adaptation has already been given (Richardson, 1932), but detailed pieeenta- 
tioD has been delayed to permit treatment of other aspects of mixed solvent 
titraition (p. 121). 
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CurraU MeOioda. 

Cunent methods depend largely upon the empirical aeleotion of optunom 
oonditioiu for titration of any partioular fluid. In the special case of gastric 
and blood analyser, these methods are of four types: (1) titration of a seoondaiy 
product liberated by the action of free hydrions (iodine from Sahli’s reagent); 
(2) acid-base titration to a choMn end-point—th 3 rmol blue 2, tropaeolin 
00 Pq 2*7 (Palmer, 1926), Tbpfer’s indicator (salmon pink) Ph 3-6, brom- 
phenol blue pn 3 • 5 (Hollander, 1931), and other indioators; or eleotrometrioally 
Pg 2 ■ 3 (Ferlsweig and Delrue, 1928)—of these, Topfer's indicator is traditionally 
need, the others being advocated quite reoently; (3) determination of pg, 
often colorimetrically, and calculation of free acidity corresponding thereto ; 
(4) progressive neutralisation imtil a spot reaction characteristic of '* free 
HCl ” cannot be further observed (red colour on evaporating with Onnzbeig’s 
reagent). These methods are commonly considered to be nnsatisfactory, 
being used simply in lieu of better alteniatives (Christianaen, 1912; Hol¬ 
lander, 1931). The fault is that each method is susceptible to hydrions from 
any source if in sufficient concentration, and that many acids are strong enough 
to provide such concentrations. 

&Mi’s Reagetd .—^Tbis reagent is a mixture of equal volumes of 8% KlOg 
and 48% El, 1 c.c. of which is added to 2 c.o. of gastric contents 10 c.o. of 
water, and the liberated iodine titrated with very dilute sodium thiosulphate 
Sfter 6 minutes standing. An elementary knowledge of the oxidstion-reduotion 
potentials of iodine and KIO,, however, shows that iodine will be quantitatively 
obtainable from the latter at any pg acid to pg 6*6, and that the reagent is 
therefore sensitive to all ordinary organic acids. This is conflrmed in Table I, 
though it is found that acid groups having buflering power about pg 6 to 7 
react only slowly, i.e., that 6-minutes reaction reduces acidi^ only to pn 6*6. 

Indioator Titrations .—^The end-points for these titrations are inevitably 
difficult and vague (see also Rehbu^, 1926). Applying first principles 
(p. 123) to the titration of the stronger acid groups, we find that one 
volume of, say, 0*1 N Na lactate (pg> 3*9) would not be 99% acidified until 
Pn 1*9, when additional 0* 1 N HCl (s) sufficient to tender the total volume 
(a 1-|-0*99-f-s vob.) 0*013N with respect to *‘free HCl" (neglecting 
activity ooxzeotion) wonld be required; tiiis amounts to 29% extara 0*1 N HOL 
Titnting then to the finest end-point vimally distingnishable (0*1 pg units 
minimnm), and accepting Pg 2*0 to I *9 as this end-point, even this small range 
pennitB variatioa firom 121% (99 -i- 22) to 128% (99 -f 29) HC9 addition by 
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reaaoa of the " free HCI ” required. Thus not only do these titans require 
extensive ooneotion for “ free HCS," but the visual end*points ate themselves 
uncertain to the extent of at least 7%; were account to be taken of aetivily 
ccnections, the uncertainties would be mrae pronounced. For stronger acid 
groups, such as pyruvic acid (2*6), amino acids (2*6 to 1*8), phosphotio acid 
(2.1), the difficulty of titration is accentuated in corresponding degree. Thus 
the common observation that visual end-points are more prolonged the stronger 
the acid groups titrated is definitely the fault of tiie add end-point, not of the 
individual defects of the indicator. 

Since this is so, there has been a tendency, for the sake of sharper titration, 
to adopt lees acid end-points than should be used and arbitrarily to assume that 
titratable acidity acid to the end-point represents “ free HCI,’* or alkaline, 
“ organic acids.” The assumption is cmly justifiable when strong organio 
(and phosphorio) acids are absent, as in phosphate-free urines (p^ 2*7, Palmer, 
1926) or pure gastric juice (p^ 3*6, Hollander, 1931) when a small correction for 
“ free HCI ” at the chosen end-point is always applied. Otherwise, it becomes 
merely an attempt to approximate a sort of '* equivalence-point ” at which the 
” free HCI ” is fortuitously equivalent in amount to the untitrated salts of 
“organic acids.” This arbitrary compensation of the excess HCI required 
as “ free Hd ” at the chosen end-point, against the defect HCI due to in¬ 
complete acidification of rather strong groups, varies in eSeettveness according 
to the concentration and add strength of the groups present. Consequently, no 
standard “ equivalence-point ” can be chosen which will suit all oases; nor 
can titration to any ” equivalence-point ” be at all sharply defined. 

It should be dear from Table I that the p^ 2 end-point is better suited to 
exduaive titration than that at pg 3*6. Thus, though with thymol Uue oaky 
60% of the “ free HCI ” of a gastric contents of about 1*6 (0*03 M Hd) 
win be titrated, this is compensated by titration of 6 to 30% of amino adds 
{p^> 2*6 to 1*8), 40% of phosphoric add, and perhaps small amounts of 
peptides, dtiio add, etc. The net result is the desired one that aoids other 
than Hd wiU seemingly be largely untitrated, though unfortunatdy end-points 
win be very poorly defined. With Tdpfer’s reagent, on the other hand, any 
improvement in end-point is discounted by the frust that ” free Hd ” titre 
must unintentionaUy indude many other adds. A distinctive modification 
to improve end-point definition eliminates indicator methods entirely 1^ using 
the quinhydrone eleotrode to demark a representative “ equivaknos-point ” 
atpa 2*3 (Fadiweig and Ddrue, 1928). Yet even were determination of this 
*'eq^uvalenoe-point ” free of the several possible objeoticos, the absolute 
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dependence of each titxation u n meaenze of " free Hd ” on the fortuitoaa. 
presence or absence of moderate! j strong aoidB is a very serious limitation. 

Deteminaiion (f pa.—From the determined Pn ^ gestrio oontents it is 
theoretically poesible to calculate the “ free Hd ” present, sinoe moderately 
strong adds present do not contribute largely to the maintenance of sndi strong 
additiee. Yet as the p^ is often determined coIoriinBtrically by standard 
indicators, uncertainty in matching shades, oven though more vital to the 
success of the method, is inevitable; while electrometric metiiods ore not 
only tedious but subject to error horn unoertain junction potentials. At the 


Table I.—The selectivity of current methods for strong adds. Data as % one add group, 
Pi;> values from recent literature. 


Acid. 


PK'i* 


Bahli’a roagent. 

TSpfer'i 
rewnt 
PH 8-5. 

Gunabeig 

raagent. 

Ph2. 

5 raioB. 

370 mini. 

UlMHOl . 




ICO 


99 

99 

76-81 

0 03MflCl . 

— 

— 

— 


— 


— 

52-60 

OIKHNO.. 

— 

— 

— 

100 

— 

99 

99 

77-83 


— 

1-0 

- 

100 

— 

98 

185-190 

133-140 

0 0001511 HCl, UKO,rorH,SO« 




— 

— 

— 

+ 

— 

O'OSM onlicMld . 

1-2 

41 

— 

200 

— 

120 

85^ 

53-63 

0*1 U phoephorio wid . 


C-0 

11-0 

loe 

118 

95 

25-35 

3IM8 

0*05 bT datiunio aoid HCl., 


4-2 

9-6 

1 200 

— 

105 

16-18 

10-17 

0*1 M UOl . 


0-0 

— 

100 

— 

91 

7-n 

7-U 

0-08 M>tlullo Mid 


5-4 

— 

187 

191 

80 

— 

0 

0-0511 dtrioftoid . 

8-0 

4-6 

5-8 

234 

274 

88 

+ 

0 

0-06M terUrio acid.. . ... . 

3-0 

4-5 

— 

197 

— 

76 

+ 


0-05H maiioaoid . 


3-1 

— 

180 

193 

50 

T 


0-1U lactic add . . 


— 

— 

00-6 

— 

38 


— 

0-05 M foodalo add . 


6-4 

— 

167 

191 

15 

— 

— 

0-3H aoetkaoid. 

4-7 

— 


85 

90 

5 

— 

— 

HatontedCOi. 

0-3 

— 

— 

18 

31 

— 

— 

— 

0-8 11 borloadd . 

0-2 

— 

— 

0-3 

— 

— 

— 


0-U5M KEPhthilste. 

— 

1 

1 

83 

94 

— 

— 

— 

0-SMKH,P04 . 

— 

1 

1 

8 

21 

— 


*™ 


same time, converdon of pg into tonns of “ free Hd ” involves considerable 
activity oorreotion, which must vary from sample to sample with its salt 
content, on the one hand, or the influence of proteins, etc., on its dideotrio 
constant, on the other. Hollander (1931) adduces reaeoDB for discarding the 
method for gastric oontents and all complez mixtures, altiiough usiiig it for 
pure gastric juice. The method is to systematically unoertain that ita continued 
use is siiffinisnt commentary im the inadequacy of ahemative methods. 

Qmiberg’i fisc^ent.—This reagent is a solution of 1 part vaniOin and 2 parts 
{dikau^noinol, which, evaponted to dryness, gives a obaraeteristie red ookntt 
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^ OB ovBpontiiig witih a spot of acid. By pfogresaive neutnliMtiotit the end* 
point at whioh further colour ie no longer {mduoed is determined. Colour 
productioii is more Musitive if pu is maintamed by dilute acids rather than by 
buffer mixturee (see also Christiansen, 1912), This is presumably because 
evaporation considerably decreases the of dilute acid solutions by oon- 
oentrating the acid, but does not greatly alter that of buffer solutionB. Thus the 
fact that 0*00026N HCl, H^ 04 , and HNO. (pn 3*6) and 0*001 M HbP 04 
(Pb 8*05) are all sensitive to the reagent, whereas 0*1 M HjPOb as a 
buffer is almost insensitive at 30% neutralization (pn 1*7), is presumably 
due to the development just before dryness of a of about 1 *6 in each case 
(omnxning one hundredfold increase of concentration). The observation that 
colour is given in 0-1 N solution only by acids stronger than pi^' 3*5 (except 
phthalic acid) is of corresponding implication. Whatever the interpretation, 
in practice strong acids may be very largely titrated by NaOH with this 
end-point, whereas most moderately strong acids lose their sensitivity to 
the reagent with comparatively small NaOH additions. Thus the method, 
although tedious, is a useful improvement on methods depending on differentia¬ 
tion by a Pa end-point alone. 

OoHcluston. —The oonclusioii is plain that current methods, though providing 
tentative and empirical bases for comparison, do not represent with any 
reality the actual ** &ee HCl ” of the fluids investigated. Qunzberg’s method 
or a titration at p^ 2 provide most nearly a satisfactory differentiation between 

free HCl ” and ** organic acids.*’ 

Proposei Mdhod. 

The difficulty of differential titration hitherto has rested in the lack of 
sharp differentiation in acid strength between the strong acids and the moder¬ 
ately strong acids of the solution. Fortunately this particular differentiation 
is not equally impossible in aqueous acetone solution. The nature of acidity 
in relation to mixed solvent titration has been discussed elsewhere (p, 124). 
It will suffice to oBseit here that, whereas moderately strong aoids are 
weakened 10,000 to 100,000 times (4 to 6 p^ units) by addition of 90% 
aoetone, true strong acids are not greatly affected. This marked relative 
alteration of strength in 90% aoetone makes it possible to titrate strong inorganic 
acids in the prosenoo of weak and "moderately strong aoids, or vice vma 
without appreciable overlap. 

Thu^ considering the simple aoidifloation of lactates 3*9), shown earlier 
to permit 7% uncertainty in the aqueous titration to pg 2 to 1 • 9 <thymol blue), 
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we find tiut in 90% ooetone, titration is analogoos to an aqaeons titration of 
a group of eboirt 8 . The result is that 90% titration by HCl can now be 
acoomplished at 6 , necessitating only 0-002% extra " &ee HCl ’’ instead of 
29% (assuming original 0-1 N solutions). Likewise, it is even possible to 
titrate sodium oxalate (p^, 1 - 2 , shifted to about 6 ) with HGl with little 
worse definition than that of sodium bicarbonate in water (p^- 6-3) using an 
indicator of p^ range about 3-6 in acetone. The considerable advance in 
sharpness of end-points and absence of *' free HCl ’* correction that is attainable 
needs no streesing. 

For difierentiating the strongest acids, indicators for the range 3*6 to 
4-0 in 90% acetone are required, and are obtaiiutble by using either a basio 
indicator of aqueous range about p^ 5-0, or an acid indicator of aqueous 
range p^ 2. By examination of numerous indicators (Table II), p-bensene- 
Bulphonio aoid-szo-a-naphthylamino (called herein naphthylamine orange, 
by analogy with naphthol orange, methyl orange, etc.) has been seleoted, but 
erythrosiu (iodeosin) is also suitable. Titration to two end-points is recom¬ 
mended, defined by the indicator colours in 90% acetone, (I) of 0-0004 N 
HCl, Pb (salmon pink), and (II) of equal volumes of 0-00 M pyridine and 
pyridine HCl (orange yellow—approximately the same p^ as 0-0001 N HCl 
in 90% acetone = p^ 4-0). The purpose of the two end-points is to discern 
the extent of overlapping. Thus for most organic acids, end-point II will 
completely difierentiate them from HCl, when the titre from end-point II 
to end-point I is due to HCl only, and should be the same as an appropriate 
blank on water or dilute NaCl (activity effects are large enough in 90% acetone 
to make the rough duplication of the salt concentration of the unknown a 
necessity in the blank). Where larger titres than this are observed, rather 
stiong acids must be present and end-point, I (p^ 3-4) is then more reliable 
(Table III). Titres either to end-points I or II are then corrected for their 
respective blanks (water blanks correspond to a concentration of 0-0004 N 
or 0-0001 N HCl in the acetone solutions, but 0*1 N NaCl blanks ate almost 
double). As titrating agent, 0-06 M NaOH or HCl in 90% dleciiotie solution 
is run in from a micro-burette suitably protected from COa, acetone being 
too volatile for convenient use in standard solbtions. Indicator is used in tiie 
proportion of 1 drop of 0-1% alcoholic solution (70%) per 6 c.o. of solvent. 

In this way, practically exclusive titration of true strtMig acids in the ezperi- 
mttital solution may be accomplished, together with considerable improve¬ 
ment in end-point definition; for example, HCl, HCIO 4 , HNO 4 , and RHBO 4 
aa strong acids may be suitably differentiated firom H^POi and all organic 
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•oidi u modentoly ■tKmg or 'wmJc aoids. Tbe chief diffioaUy randM in the 
fact that the aeoond ionuation of Bolphiuio acid in 90% aoetooe ia intemudiate 
in acid strength between the limiting categories and obsoareB the end-point. 
Fortunately, however, salts of this one common acid capable of interference 
ate quite easily removable by precipitation. The method on the whole, then, 
is simple, direct, and rapid, and applicable to any solution to which orduuuy 
indicator methods apply. Biochemically, it provides with reasonable validity 
the important differentiation of “free HCl" from “organic acids,” though 
its values do not purport to be the same aa those from the vague and arbitrary 
“ equivalence-points ” of aqueous titration. 

LinderMrfn^Lang’i Aeelone Titration. —^The first application of the principle 
of the above differentiation was Linderstrsm-Lang’s titration (1928) of 
“ amino-N,” actually a titration of the carboxj^ groups of amino acids (p^. 
about 2) by weakening their acidity in 90% acetone. The method was 
developed for its application to protein chemistry with the unfortunate result 
that it was considered “ eine Methode zur Bestimmnng von Aminostickstoff ” 
(p. 48). This conclusion arises from a situation poonliar to the hydrolysis 
of proteins (p. 136), and although Linderstrom-Lang once mentions that 
“ die Wasserstoffionensnlagerung in vielen Fftllen an der COO~ -Qruppe 
stattfindet ” (p. 42), he nevertheless adopts the opposite interpretation through¬ 
out. His method must be considered a special case of the above general 
procedure. 

ExperimoHlal. 

Solutions of the acids used were standardized against COg-free 0*1 M aqueous 
NaOH with phenolphthalein (phosphoric acid with bromcresol green, amino- 
adds with bromthymol blue). On the basis of these titres, results ate expressed 
as % of single add groups, or in mixtures as % fitee HGl. Smee general 
conclusionB were all that was sought, materials were ordinary commercial 
preparations of the adds. Quoted results are the mean of comparable 
dujdicatea. 

Sahli’s titration was carried out on 2 c.o. aliquots with 0*02 N NagSgOg and 
the usual starch end-point, over reaction times of 5 and 270 minutes. COg 
absorption as a result of long standing was a negligible factor. Thymol blue 
and Tfipfer’s indicator titrations, were carried out in 6 o.o. aliquots with 0*1 M 
NaOH and matched indicator end-points. Colour standards for the former 
indicator were prepared in pn 2 HGl-KCI buffer and in 2*3 phthalate buffer; 
for the latter a methyl uange colour in pa 3*7 phthalate, coEresponding to the 
laelBble TSpfer’s indicator colour in pa 3*6 buffer, was used. For tiie Guns- 
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berg titration, 5 0 . 0 . aliqaotB were neutralirnd with 0-1H NaOH, until no 
reddidi tinge oonld be obeerred in any part of the teet spot. 

Acetone titration was oonduoted with 0*06 M NaOH on 2 o.c. aliquots to 
which about 18 0 . 0 . of acetone and 4 drops of indicator had been added, end¬ 
points being matched against the colour controls I (pg 3'4) and II (pg 4). 
As an examjde, the data for the titration of mixture C, Table HI, are presented : 

Blank .—Equivalent salt concentration: 0-033 M (conditions at the end¬ 
point are referred back to the original aqueous solution). Titration of 
2 0 . 0 .0-033 M NaCl in 18 c.c. acetone: to control II, 0*07 0 . 0 . of 0*00 M 
HCl; to control I, 0-23 0 . 0 . 

Mixture C .—Neutralization to control 1,1 ■ 14 and 1*13 0 . 0 . of 0*06 M NaOH; 
to control II, 1 -30 and 1*31 o.c. 

Corrected titres, I, 1*36 0 . 0 ., II, 1*37 c.c. 

Known HCl titre of mixture C, 1 -37 0 . 0 . . 

% HCl neutialized, I, 99%; II, 100%. 

formation of PrecipUalea. —^The major technical difficulty of the titrati<m 
is, of course, the insolubility of some of the constituents in 90% acetone. On 
titrating the originally add solutions to the prescribed end-points no predpita- 
tiom occurred, since NaCl, NaN 03 , and the adds examined were all soluble 
nndiff the conditions. On the other hand, by continued neutralization 
predpitation occurred upon appreciable formation of the neutral salts, although 
add salts wore mostly soluble. Insolubility occurred most £reqnently with 
oxalates, sulphates, phosphates, and the amino add switterions, the respec¬ 
tive add salts or hydrochlorides of these substances being satisfactorily 
sdnUe. Conversely, in back-titration of neutral salts, predpitation is avoided 
if HCl is added just shot of the equivalent amount bef<»e adding acetone, 
and UkewiK, predpitation of protein and similar material is minimized by 
pre-addifioation. Thus for all biologioal material it is advisable to acidify 
almost to the end-point before adding acetone for titration. 


RetuUi, 

Titarimettio examples will be most valuable if they define the limits of avail- 
abilify of tiie metiiod; omiseqaentiy the taUes largely portray selected limiting 
ca ses. Table I has already demonstrated the extreme lack of spedfidfy for 
free HCl of ootain onixent methods. Sahli’s method was shown to give 
partial estimation even of COt. On the other hand, the Qunabetg and thymol 
bhm m ethods were more se l eet i ve, but were technically difficult. 
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In Table II, data aaaisting the aeleotion of indioaton for the aoetone 
titration are arranged. Equivalent amounta of oxalic, laotio, or aoetio aoida 
were mixed with HG, and the percentage HG neutralised for fiillocdoaroliaiige 
of the indicator observed. The data represent general magnitudes only. 
Naphthylamine orange is plainly the best indicator of those examined, the 
acoorately determined end-point for HG-oxalio acid being 87*6 to 101% 
HG between the colour standards I and II, representing 100*6 to 102% titra¬ 
tion if corrected for free HG. For titrating weaker acids without the necessity 
of a free HG correction, chtysoidine shows too poor a colour change, but neutral 
red or even bromphenol blue will serve for a sharp end-point with acids like 
acetic acid. 


Table 11.—Examination of indicators for aoetone titration. Data as % HG. 


Indicator. 

Type. 

Aqueoua 
range. , 

i 

HCl- 

oxalio add. 

HCl- 

laotio add. 

HOI. 

acetic add. 

TOpfcr'a Indicator . 

Bade 

2-9-40 

0 



Methyl oranffo . 

«« 

a-l-4-4 

0 

— 

-- 

MffithylndUsl) 

ti 

4-2-6*3 

0 

— 


Thymol blue . . .. 

Aoldlo 


70- 90 

— 

— 

Co^ nd. 

BmIu 

3 

00-110 

— 


BuiBDQ-aao-ffi-naphthylamiiie .. 

ft 

8‘7-UO 

80-100 

— 

— 

Srythndn . 

Addle 

2 -a 

90-110 

— 

— 

Naphthylainine orugo . 
Ohiyiaidlne. 

Buio 

M 

40~7-0 

02-102 

128-140 

94-100 

04-100 

NoutnJ nd . . . 

If 

e-8-8*0 

188-198 

102-110 

100-101 

Bromphenol blue 

Acidic 

3(M>6 

190-195 

110-186 

100-101 

Btommol green . 

« 

3'8-6-4 

196 

180-190 

106-116 

flnsiKliMMl. 

1? 

4-8-6-a 

197 

187-106 

110-115 

Methylral(2nd) . 

i« 

4-2-6-3 

198 

103-107 

— 


In Table HI, representative strong and moderately strong adds are examined, 
singly and in simple mizturee, by relevant methods. It is clear that aoetone 
titration considerably improves the quantitative soontai^, and especially, the 
technical facility of the end-point Thus even though end-points I and U 
have not the admirable definition of titrations in the region of neutrality, th^ 
may be fiutly matched against the standard colours with an aoouisoy of 
± 0*03 0 . 0 . of 0*05 M acid or alkali. Substances for which major difficulty 
may be e^Moted are nitric, sulphuric (its second ionisation), oxalic, and the 
amino acids, whose values estimated from the % titiatkm ate about 1*7, 
S*8, 6*4, and 6 zespeotively in 90% aoetmie. Obviously, sulphuric acid is 
inimioal to tl^ titration unlees more alkaline end-points may be used. Notmalty 
it must be zsmoved if present in significant cenoentration. The other adds. 
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however, are sufficiently excluded from partial titration, especially at end-point 
1, and cause no great trouble. Weak aromatio bases Mpable of interference 
are unlikely to be present. Thus, if suitable end-points ore adopted, experi¬ 
mental error even under the most difficult circumstances is reduced efieotively 
to under 5%. 

I am indebted to Professor A. C. Chibnall for his constant interest and help, 
and to the Department of Scientific and Industrial Research for a research 
grant 

Table III.—Improved selectivity by acetone titration. 




Acetone Titntion 


Thymol Uue. 

Solutlun, 




Quncberg 

magant. 



P*i'* 

1 

li 




i 

PR 3*4. 

pH 4*0. 




Xiitw«i(d»toM%HCl)- 

O-OBXBCl.O-OSSMoxaUoMid 







— 

101 

102 

— 

— 

- 

0.0BMHa.H|POg . 

— 

ISO 

101 

135 

120-127 

143-150 

Miztun A . 

— 

102 

106 

107 

73- 83 

105-113 

M B 

— 

101 

106 

130 

110-120 

140-lM 

M C . 

-- 

99 

100 

120 

85-95 

110-120 

Atiii (duU m % one add i^up) 







O-IM HCI. 

— 

100 

100 

00 

76- 81 

85-80 

01 M HNO.. 

0*0511 H. 8 O 4 . 

— 

88 

80*5 

80 

77- 82 

85- 89 

(1*6) 

150 

182 

185-100 

133-140 

153-180 

O'OSM onlio add . 

1*3 

1 

4 

85- 00 

53- 63 

70- 80 

0*1 M nboaphorioaold . . . 

O-OOlf^tunloaddHa . 
O'l 1C ^^neHCl. 

2*0 

0 

0*5 

25-35 

35-43 

55- 60 

2*2 

3 

10 

16- 18 

10- 17 

30-40 

2*4 

2 

8 

7- 11 

7- 14 

30-30 

O'lH pjniTioadd . 

2*5 

0 

1 

+ 

— 

— 

0*0011 dtrio add. 

3*0 

0 

0 

+ 

0 

1- 5 

Fblmptldaa(iimui). 

O'lH kotioaold . 

3-5 

3*0 

1 

0 

- 

<r 

0 


Wstan A » O-OSS If BCl, slnlne BCl, snd Isotio ukL 

„ B 1 0 -OSS U HCl, 0-017 M glydae BCl, nhotphotki Md botie Midi. 0-008M ghUmio Mid BCl. 
C B 0 -OSS M BCl, 0-017 X ^oi|^rio ud iMtio Midi, O-OOS M oltilo ud ibiIm mMi. 


/Smnwy. 

Cnrient methods of estiinating *' firee HO ” in acid mixtures are examined, 
reasons for preferring the Qunzberg method at a p^i titration being adduced. 

These methods ore superseded in accuracy and simplicity by a titration in 
90% acetone solution to sucoesaive end-points at pa 3'4 and 4*0 using 
p-beosenesnlphonio ooid-aso^-naphthylamine (described as naphthylamine 
orange) as indicator. The methods are compared on add solntions of known 
composition. 
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Eledromdric Titration of Amino-acids in Afueous-alooholic Solution. 

By Albebt Neuberobr. 

(From the Bepartment of Pathologioal Chemietry, Univereity College Hoepital Medical 

School, London.) 

(Gommunioated by 0. R. Harington. F.R.S.—Received February 8, 1934.) 

The conception that substancee exist which carry both poBitive and negative 
chargee in the aame molecule was first advanced by Bredig (1894) and Kfister 
(1897) in connection with betaine and methyl orange reapeotively. Kfister 
designated such substances zwitterions; sinoe. however, these particular 
compounds fiul to exhibit the essential ionic property of migration in an 
electric field they should rather be called zwittermolecoles. 

Later Bredig (1899) extended the conception to the aliphatic amino-aoids. 
and the theory was again taken up in an interesting paper by Adama ( 1916 ) ; 
the most convincing arguments in its favour were, however, supplied by Bjerrum 
(1923). In the meantime the results of many investigations had afforded 
additional sapport for the hypothesis; the more essential of these have been 
discussed by Richardson (p. 121) and may be summarized as follows. 

(1) The zwitterion theory explains the positions occupied by the disMMsiatim 
oemstants of the amino-acidB in relation to those of the uorreqxmding aliphatic 
adds, aminea and esters (Adams, 1916; Bjemim, 1923; Bbert, 1025; Ehiwr- 
aon and Kirk., 1930); no such reasonable explanation is available on the 
oldex theory. 
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(2) Coitain reaotiouB of the amino-adda, e,g,t that with mastaid oib (Marok- 
wald et ol, 1891) and that with aldehTdes (Birch and Hazzia, 1930) can 01 LI 7 
be eatiafactorily explained on the basis of the xmtterion theory. 

(3) The temperature coefficients of the dissociation constants of the amino- 
acids indicate that the constants hitherto called basic and acidic correspond, 
in fact, to the carboxyl and amino groups respectively (Kolthoil, 1932). 

(4) The extraordinary increase in the dielectric constant of water brought 
about by the addition of aliphatic amino-aoids indicates that the latter possess 
a strong permanent dipole moment, whilst according to the older conception 
of their structiire they should only possess a weak dipole moment (Hedestrand, 
1928). 

(5) The ultra-violet absorption of aqueous solutions of the amino-acids is 
easily to be explained on the basis of the xwitterion hypothesis (Ley and Axends, 
1932). 

The present investigation deals with a comparison of the titration curves 
of the amino-acids in water and in aqueous alcohol, the results of which afford 
a farther fundamental piece of evidence in favour of the zwitterion theory. 
In connection with these experiments the methods of titration of amino-acids 
in water and alcohol will be discussed. 

Nature Ampholytea in the Light of Modem Aoid-base Theory. 

According to Bronsted (1923) adds and bases are substances which can yield 
or absorb protons respectively. In oonnection with this definition two points 
are fundamental Firstly, the conceptions of acid and base ore applicable not 
to molecules only but also to Ions ; in this sense, for example, we must regard 
the ions NH^, and CH^HgNH^ as acids, such acids being 

designated oationio or charged adds; bases, on the other hand, are substances 
such as OH~, CsH^NH^ CHgCHsNHi, CHsCOO''. Secondly, according to 
this conception the hydrogen ions alone are of fundamental aignificanoo; 
hydroxyl ions are of special significance only in that they absorb protons more 
readily than any other ion. 

Ampholytes ore substances which are able both to absorb and to yield pro¬ 
tons. Thus the ions HFOr and H^POr are ampholytes whilst a compound 
such as ^OH)g is not, since in this compound only the OH* ion and not the 
moleoole as a whole is able to absorb protons. In its fully hydrogenated oon- 
ditiiBi an ampholyte is a pblybasio add, which only exhibits peculiarities in 
the rdationahipB of its deotiical charges. Whilst the dissociation of 
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ofdiiiAry dibaao add HgA is ohancteriied by the stages HAH, HA~, and 
ATf that of an ampholyte is defined by the aoheme HAH'*', HA, and A*. If 
switterionic oharaoteristioa are aaoribed to an ampholyte the intermediate stage 
HA takes the form '*'HA~. Following Bronsted’s conception the following 
definition may be made; an ampholyte is a polybaaio acid of which the 
fully hydrogenated form carries a positive charge, or is in other words a 
cationio add. According to this new definition the term ampholyte is, in 
fact, confined for the most part to those organio substances which have 
hitherto been designated ampholytes. 

The great simplification which Bronsted has introduced into the add-base 
theory ought also to find expression in the nomenclature of dissociation con¬ 
stants. It is simpler to apeak of only one kind of constants, namely, those of 
adds. 

Every add-base equilibrium is defined by the equation 

Add ^ Base + H'*'. 

Every so-called basic dissociation can thus be calculated as the dissodation of 
the corresponding add. It is therefore more convenient to speak of first, 
second, etc., dissociation constants than of bade constants, constants of hydro- 
lysis and so on. In this way the significance and the value of a dissociation 
constant become independent of the interpretation of a titration curve. 

Effect qf the Nature of the Solvent on Adi Disaodation, 

In a further important contribution Bronsted (1928) has shown that a funda¬ 
mental difference between cationic acids and ordinary adds will be revealed 
on paasage from a solvent with a high dielectric constant such as water to one 
with a lower dielectric constant such as akohol. The lowering of the dideotric 
constant will cause an increase in the strength of the interionio electrical forces 
and in ordinary acids this will result in a depreeeion of the dissodation sinoe 
the undiasodated acid is electrically neutral 

HA:;iH+ + A- 

In oatiemio adds, on the other hand, this effect will not be produced since the 
undisBodated add itself carries a positive charge 

HA+r:H+ + A 

Let ns now apply these consideiations to ampholytes. WiUi an ampholyte 
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of tho umgiettt ohancter and oue which, does not form zwittariooB, tiie dis* 
flodation rdationships are represeated by the foUowiog equatioiu: 

HAH+^HA + H+ 

HA^H+ + A- 

The fint diaeooiation foUowB the scheme of a oationio acid and the seocmd that 
of an ordinary acid. 

On the other hand, the relationships for the zwitterionic form are: 

HAH+^+HA“ + H+ 

+HA-iaH+ + A-. 


The zwitterion will indeed correspond in its behaviour neither with a neutral 
molecule nor with an ordinary ion. Its mutually opposed chargee will neutralize 
each other to a small extent only. In alcoholic solution the first dissociation 
will be depressed but not so strongly as for an ordinary acid. The second 
dissociation will also be somewhat lower, but here the effect will be very much 
less than with an ordinary acid since tho zwitterion cannot be regarded as 
electrioally neutral This latter dissociation may best be oompared with the 
association of the ions of neutral salts which increases in solvents with a low 
dielectric ccmstant. 

Difficulty of ComparisOH cf Acidities in different SolverUs. 

It is, however, difficult to say precisely what is to be understood by acidity 
in a non-aqueouB solvent or mixture of solvents. The p^o! a, given solution is 
defined as the difference between the activity of hydrogen ions in that solution 
and the activity of hydrogen ions in a standard solution. There are thus in 
principle two possible modes of definition: (1) the standard solution may be 
regarded as a common standard for all solvents and may thus be used as a 
basis for a universal scale of acidity; against this it may be urged that the 
difference between ionic activities in different solvents is not thermodynamically 
defined and can scarcely be estimated (Qnggenheim, 1930); (2) an arbitiary 
new Btandaid may be established for each solvent and mixture of solvents; 
this can mily be done, however, by abandoning the thermodynamic con- 
necti<m, in the sense of activity, between acidities in different solvents. In 
the work described below I have lefiained anticipating any definition and 
have expressed the measured potentials in millivolts. When the term p^ 
oooun in the diaoiusion of resutts obtaiiied with aqueous-alcoholic mixtures 
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ii rnnst be uidentood that h is oMd oonventioiuJly and hu no thennodynunio 

It is not to be expected that acidB of the aome type, irhether eleotrioa]ly 
nentnd or oatioiiio ocidB, will exhibit the same ratio between their disBOoiation 
CMistants in non-aqneons solvente as in water. Bather is it to be assumed 
that in addition to the electrical forces, whose aignifioance has been indicated 
above, the individual chemical properties of the adds and their ions will 
come into play. In practice, however, it appears that the eleotricol efEect 
predominates and that the difieiences in behaviour between individual ooidB 
of the same t^pe are small in oomparison with the difhrenoes between electri¬ 
cally neutral acids on the one hand and oatimuo adds on the other. 

The measurements in the present investigation have almost all been made in 
a mixture of 90% akohd and 10% water (by volume). The solvatioii efEect, 
which, in a homogeneous solvent, need only be oonddeted at hi^ ooncentra- 
tions of electrolytes (Hhckel, 1926) is of much greater significance in this 
mixture. The electrical field which surrounds an ion has an orientating influenoe 
on the molecules of the solvent and this influence will vary with the nature of 
the solvent. For instance, the orientating influenoe will be stronger on the 
moleonles of water than on those of ateohoL Bi aqueous-alooholio mixtures 
ions with a high capadty for solvation will tend to attract molecules of water 
rather than of alcohol, and the ionic activity will be determined by the dielectric 
constant of water rather than by that of tiie mixture as a whole. This oon- 
sidention makes the profound influence of small additions of water on the 
potential of an alcoholic cell understandable (Millet, 1927). A half-cell of 
hydrogen chloride in 90% alcohol, for instanoe, shows a very small potential 
difletenoe when compared with an aqueous hydrochloric add solution of the 
same concentration; if the concentration of water in the first half-cell be 
further reduced, however, the potential difletenoe rapidly increases. This 
efieot will vary with diflerent ions in relation to their capadty for solvaticn, 
and the phenomenon constitutes a fhrther serious difficult in the way of the 
establishment of constants for these mixtures. It is therefore impossible to 
estimate true “ dissodation constantsby potential measurements with sach 
mixtures, for, even if the ps could be aoouzately determined, the activities of 
the anions and of the swittmons can ndther be estimated nor 
It is also imposdble from these measurements to extrapolate the values of the 
disBodatioo constants in pure alcohol 

The “ constants ” which ore given by the measurements ate wdl adapted to 
ths diaiasterixation of titiation curves; they may thenlocu be designated 
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** titration ooDstantB.” Sinoe the factor by which these valoes most be multi¬ 
plied in Older to give the real " thermodynamio " constant varies, for tiie 
reaams given above, from acid to acid, these ** titration constants " most only 
be compared with one another with the greatest caution. It can, however, 
be shown experimentally that adds of the same type react in a similar way if 
the dieleotrio constant of the solvent is changed. Great difEerenoee can be 
observed clearly between electrically neutral aoida and cationic adds, and 
between ampholytes of the ordinary form and ampholytes of the zwitterionic 
form. Owing to the predominance of the dielectric effect it is possible to 
determine to which t}rpe a given add belongs, by comparing the titration 
curves of the add (1) in aqueous alcohol and (2) in water. It is further possible 
to use these curves for volumetric analysis. 

Hiohaelis and Mizutani (1925) carried out some experiments to determine 
the disBooiation of adds in aqueous alcohol As ampholytes they cmly 
investigated glydne and the aminobenzoic adds. Their own interpretation of 
their results differs from that offered below although they also consider that 
their experiments prove the validity of the zwitterion hypothesis. 

Expentnenlal, 

The solvent in most of these experiments consisted of a mixture of 90% 
ethyl alcohol and 10^^ water by volume ; the alcohol used was distilled from 
silver hydroxide in order to remove aldehydes, dried vrith anhydrous copper 
Bo^ihate and again distilled. In later e^riments ordinary absolute alcohol 
was used without further purification, sinoe no difference could be observed 
in the results when the above processes were omitted. The hydrogen electrode 
used was in the bell form of Michaelis and was platinized every day. Two 
points seemed to be essential in order to obtain constant potentials in aqueoua- 
aiooholic solution; firstly, the solution to be measured must be free of oxygen ; 
secondly, the hydrogen gas must be satniated with the solvent before it enters 
the solution to avoid evaporation of the solvent, with consequent lowering of 
the temperature and alteration of the proportion of alcohol and water, and 
the oonoentration of the solute. Hydrogen taken from a cylinder was passed 
through a wash-bottle containing aqueous potassium hydroxide then over 
heated platinized asbeetos and finally through a oakunm chloride tower. 
After bubbling through a vessel containing the solvent in use for the experiment 
it was led into the titration vessel The latter was closed except for a hple 
throngh which a stirrer was introduced. As a reference electrode an attempt 
was made to use on aqueona-alcohobo calomel electrode, but the potentials 
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w«re not constant and the oondnctivity waa not very gpod, ao that a aatmated 
aqoeoua calomel electrode waa subatitiited. Miohaelia and Bjerram abo iiaed 
thb reference electrode. The question of the effects which phase boundary 
and liquid junoticm exercise when an aqueous reference electrode is used will 
be dealt with below. 

The potentials were measured by a Cambridge Instrument Company 
potentiometer. The temperature in all measurements was between 17” and 
18” C. 

Effect Junctum Palmtialt. 

Some experiments were carried out in order to determine the phase boundary 
and liquid junction potentials between an aqueous and an aqueous-alooholio 
half-cell. The aqueous-alcoholic half-cell consisted of O'Ol N acetio acid and 
O'Ol N sodium acetate in 90% alcohol. The other half-cell was a saturated 
aqueous calomel electrode. 

The bridge solution consisted of two parts: (1) aqueous salt solution, (2) 
salt solution in 90% alcohol. The aqueous solution waa connected with the 
calomel electrode and the alcoholic solution was connected with the alcoholic 
acetate solution. Both salt solutions were in contact inside a 3-way tap. 
Those salts were chosen of trhioh the anionic and cationic mobilities were most 
similar in water and in alcohol, vis., potassium ohlotide, ammonium nitrate, 
and lithium acetate. K"*" has mobilities 74-6 in water and 24'6 in aloohol; 
for Gl~ the numbers are 76*3 and 21*4 respectively, for 74*3 and 22 and 
for N0( 71 and 26, The above numbers for aloohol were taken from a paper 
by Ulkh (1927); no figures fm acetate in aloohol could be found. The 
numbers for aloohol refer to pure aloohol; for 90% alcohol the values will be 
somewhat higher. These numbers also show that the differences between the 
transport numbers of the anions and of the cations are larger in aloohol than 
in water, and therefore the ohanoe of destroying undesirable liquid junction 
potentials by interposing a concentrated salt solution is much less in aloohol 
than it is in water. It should also be pointed out that these salts are less 
soluble in aloohol tiian in water, and therefore other ions which may be present 
in the cell ^y a larger part in the formation of a liquid junction potential 
Table I indicates that the values obtained with different bridges differ by not 
nuse than 4 mV.; it also shows tiiat if the ratio of the concenttations is attered 
at tile phase boundary the potential of the whole cell is not noticeably changed; 
this fact seems to show that phase boundary potentials do not play a large 
part in these experiments. If the ooooentration of other ions (especially of 
hydrogen ions) in the oeQ is low, then the liquid junotion potential will ^baUy 



TitTQiUan of Anwno-acida in Aqueou8^<ilooh^^ Solution. 187 

not be above 6 mV. In any case the liquid junction potential does not change 
very much with the This fact can be proved by comparing the experi¬ 
mental titration cnrvea with the theoretioal curves. At very low jtq the liquid 
junction potential is certainly much higher. The asaumptioa that phase 
boundary potentials do not exercise an effect in aqueous and alcoholic solutions 
of inoEganio salts is also supported by the experiments of Wild (1923). 

The potential of the calomel electrode was measured against aqueous 0-1 
hydrochloric acid and the pn ^ ^be latter solution was taken as 1 -08. The 
potentials of the alcoholic solutions were expressed as the term being 
recognized to have no thermodynamic significance for reasons indicated in the 
introdootory part of this paper, and calculated from the e.m.f. moasuroments as 

Tabk I.—0-01 2V Acetic Acid and 0*01 N Sodium Acetate in 90% 


Alcohol. Temperature 18®. 


Bridge-oolniion. 

mV. 

Aqueous part. 

Alcoholic part. 

(]) Sftt.KGl 

_ 

032 

(2) 0-0^^NHN4OJ 

0 e4 2 ^ NH4NOi 

034 

( 8 ) l- 6 i^NH 4 NO. 

0-64 2V liH 4 NO, 

033-5 

(4) O- 8 JVNH 4 NO 1 

0-64i^NH4NO4 

083-6 

< 6 ) 5-0 i^NH 4 NO. 

0-32iVNH4NOi 

035-6 

( 6 ) 0 - 8 J^NH 4 NO. 

0-32iVNH4NO, 

086 

(7) S-SJ^CHaCOOU 

0 -e 2 J^CU 4 GOOLi 

034 

( 8 ) 2-7i^CH,COOLi 

0-02 iV* CH.COOU 

084 

(0) 0-53J\rCH,COOLl 

oaSJVCHjCOOLi 

034 

(10) 6-3JVCH,COOLl 

0-31 .V CHgCOOLl 

030 

(11) 0-53Jf CUtCOOLi 

1 0-31iVCH,COOLi 

080 


if we were dealing with an aqueous solution without any further correction. 
The apparent titration constants of the various adds were calculated 
according to known formuke and the aotiyity coefficients of the di&rent ions 
were not taken into account. The exact values for all amino-acids in aqueous 
sohttion are known from tiie work of Schmidt and his ooUaborators (for refer¬ 
ences see Myamoto and Schmidt, 1931) and therefore titrations in water were 
only made for comparison with the resuhs of alcoholic titrations. 

All measurements weire made in 0*01 N solution. The substances were of 
known purity. The titrations were mode with 0*1 if hydioohlorio acid, or 
sodium hydroxide in 90% alcohol. Glutamic acid and histidine are so sparingly 
soluble in 90% doohed that it was necessary to titrate them in 80% akohol. 
For the same reason tyroeine could only be titrated in very add and very 
ftlkaKne ranges. 
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A. Ncubetgw. 

In oidflr to obtain ptrinta of oomparuon betareen ampholTtaB and oidina^ 
aoida and amplndytes and cationic acids titntioos of the foUmring suhstanoes 
wen made: acetic acid, benzoic acid, aalii^lio add, ammonia, ethylamine, and 
aniline. The following amino-acids were inveatigated: (^yoine, ala nin e, 
tyioaine, ^ntamic add, arginine, lyaine, histidine, pzoline, and hydzozyproline. 


Table II.—^Difierent Behaviour of Ordinary and Cationic Adda. 
Tnnperature 18°. 



Wftter. 

! 

Pm. 

Aloohol. 

Pifleteiioe. 

^m 

Alcohol 

(MiohMlto). 

Aoetio mM . 

4-68 

0*02 

+8-24 

7-10 

BmuoIo . 

4-88 

0-7» 

+8-51 

7-03 

SftUcjUa Add. 

300 

0 °iO 

+ 2-10 

5-48 

Amaumlinn (NH 4 +). 

0-48 

8-87 

-0-61 

8-87 

GgHgCH|N^+. 

JO- 8 e 

10 08 

-0-87 

—. 

G^HgNHg+. 

4-80 

4-00 

-0-80 

4-08 


Duouuion cf tke Romka. 

Table II ahowa that the numerical values of the of ordinary adds in 
alcohol are higher by 2*24 to 2*61 units than in water while the values of the 
Pk foi cationic acids are lower by 0*61 to 0*87 uuits in alcohol than in water. 
This statement is valid not only for the adds mentioned here but also for many 
other acids which have been investigated by Miohaelis and Mizutani (1926) 
and Mizutani (1926). 

Fig. 1 shows an electrometric titration of ammonium acetate in alcohol and 
in water. The add part represents a curve of an ordinary add, acetic add, 
the alcohol curve is above the water curve. In the allr*lin« range the 
titration of the cationic add NHf'*' is demonstrated; here the alcohol curve is 
below the water curve. 

It was deduced above that the first titration constant of ampholytes of nou' 
zwitterionio form must have the same properties as the titration constant of 
an ordinary add. That is to say, the numerical valne of must decrease on 
transition fiom water to alcohol, and that of pz. must increase. These 
deductions are substantiated for the aminobensoic adds which according to 
Bjerrum do not possess zwitterionio constitution. In this paper, the titration 
curve of onminobensoio add only is presented, but the curves of the in- and 
p-isomerides are similar and are in accordance with the theory advanced. 
Fig. 2 shows oleariy that in the add range the alcohol curve is bebw the water 
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curve, and is timsfoce oluiaotetistio of a cationic add; in the alkaline range 
the alcohol carve is above the water curve, which is typical for an ordinary 
acid. T h e refo re px, mast ootiespond to the dissociation of the amino gcoi^, 
whilst p oorresponds to the dissociation of the carboxyl group. It was 



Fn. 1.—Ammonium soetate, O Aloohol; # water. 



further deduced above that an ampholyte of xwitterionic form must have pa, 
■imiler to the p^ of an ordinary acid and pa, resembling more that of a cationio 
acid. Bat for reasons which have been stated already, the inomaae of pa, 
whmh is obtaiaed by lowering the dieleotrio constant of the medinm will not 
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be ao gnat as for ordiiiaiy acids, and will also be idativ^ a little greater 
tbsu for oationio adds. As Table UI ahowa gl3rdne aatwfiee aU theae oon^ 
ditions. The ^ is hi^^er in alcohol than*in water, but the difieranoe is 
smaller than with ordinaij adds; pK, ie neadj the aame for both aolvenita^’ 
iLe., the difference between for alcohol and for water is idativdy smallar 
than it is for cationic adds. 


Table 111.—Qlyoine and Aminobenzoio Add. 



Fig. 3 repneents the titration of glydne, the add part of the onrra ie similar 
to that of an oidinazy acid, but the difference between the aloohol curve and 
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the water onrve la not ao large as for ordinaiy acids like aoetio acid, fig. 1. 
The alkaline range of ihe curve is more like that of a oationio acid. But 
whereas with a oationio add auch as fig. 1, the aloohol curve is below 

the water curve, here both curves are close together. These fieusta are in 
aocordanoe with the theoretical considerations in the introductory part of 
the paper. For glycine pki corresponds to the. dissociation of the carboxyl 
group, whilst pK^ corresponds to the dissociation of the amino group. 

In Table IV axe shown the detailed results of the titration of glycine in 
alcohol, in order to illustrate the methods which have been used for the esti- 


Table IV.—Titration of 0*01 M Glycine in 20 c.c. of 90% Alcohol. 

Temperature 18°. 



mv. 



A. O-lJVHin— 

0*2c.o. Hn . 

638 

6 08 

4-13 

0-4 „ . 

617 

4-72 

4*12 

0-5 „ . 

508 

4-66 

4*10 

0-6 „ . 

002 

4-46 

4-10 

0-7 „ . 

407 

4-37 

4-10 

0'8 „ . 

492 

4-28 

4-10 * 

««9 . 

487 

4-20 

4-11 

1-0 . 

483-6 

4-12 

4-12 

1-2 . 

473 

3*95 

4-12 

1-3 . 

468 

3-86 

4-10 

1>6 . 

468 

3-6ft 

4-11 

1-7 . 

448 

3-62 

4-16 

1-8 „ . 

443 

3-43 

4-16 

1-9 „ . 

438 

3-34 

4-12 

2 0 „ . 

433 

3-26 

— 

2-1 „ . 

427 

3*16 

— 

2-2 „ . 

420 

3-03 

— 

A O MANaOH— 

0-3Q.c.NaOH . 

774 

0-19 

008 

0-4 „ . 

786 

0-40 

10-01 

0-6 „ . 

703 

9-62 

10-00 

0-0 „ . 

790 

9-62 

0-99 

0-7 „ . 

806 

9-72 

008 

0-8 „ . 

- 810 

9-79 

0-97 

0-9 „ . 

816-6 

9-00 

lO-OU 

1-0 „ . 

820 

D-99 

10-00 

M M . 

826 

1007 

9-09 

1-3 „ . 

830 

10-17 

10-00 


840 

10-36 

10-00 

1-6 ” ZZ"'!!!...!!!!! ”. .. 

846 

10-47 

10-01 

1-6 . 

864 

10-68 

10-00 

1-7 „ . 

861 

10-71 

0-90 

1-8 „ . 

872 

10-90 

0-99 

1-9 „ . 

885 

11*12 

(9*88) 

2-0 „ . 

010 

11-00 


2-1 „ . 

950 

12-26 

— 

a-a „ . 

991 

12-96 

— 

a-8 . 

1010 

13*20 

~ 
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A. Neubefgw. 

nution of titntioa constants in this paper. It must be pointed out that there 
exists in solution an equilibrium between switterionio mokouleB and mm- 
switterionio molecules. The concentration of the non-switterionic form in 
water is very small; according to the calculations of Myamoto and Schmidt 
(1932) the ratio is probably about 1 to 10*. In alcohol the ooncentration of 
the non-swittericmio form is certainly higher (see also Ebert, 1925), but never¬ 
theless the zwitterionic form also predominates here, as can be shown by 
determining the temperature coefficient of the two p^. The p^ott carboxyl 
group does not change noticeably with the temperature while the of an amino 
group changes considerably. Table III shows that the values of pK, measured 
at 0° and at 18° do not differ; the difference between the two values of px, 
is large and indicates that in alcohol the zwitterionic form also predominates. 

Another point must be taken into account: since amino-acids cause the 
dielectric constant of water to be increased it is possible that this effect also 
takes place in the case of aqueous alcohol. Hedestrand (1928) found that the 
addition of neutral salts to an aqueous amino-acid solution reverses this effect 
and lowers the dielectric constant of the solution even below the value of the 
pure solvent; the influence of the addition of lithium chloride on the px of 
glycine was therefore investigated. But Table III shows that the differences 
are within the limits of experimental error and may be due to the alteration of 
the ionic strength of the solutioiL 

Table V indicates that of all amino-acids, which according to the 
zwitterion theory corresponds to the carbo^l group, shows the same behaviour 
aspx, ofglycine. The values in alcohol are higher than in water, the differences 
vary generally between 1 • 60 and 1 *79 units. It is peculiar that with histidine 
and tyrosine the differences are small; figs. 4 and 8 illustrate this. It can be 
seen that in alcohol the conditions for the titration of the oarbo:^! gnxqp are 
much more favourable than in water, because the blank-correction is not 
so large. The dissociations of all a-amino-gronps, px, of alanine, tyrosine, 
lysine, arginine and px, of glutamic acid and histidine resemble that of the 
amino group of glycine. Alanine has about the same values as glycine. It 
has been already mentioned that tyrosine, fig. 4, has a relatively low pc, in 
alcohol, possibly because the xwitter-form is praotioally msoluble in 90% 
alcohol, and this is also the rewn why only a part of the curve in aloohol can 
be presented. 

But the difference between the basic amino group and the add phenolic 
group can be clearly shown. Whilst in water the values and the curves are 
very olcae tq each other, in alcohol, even if it is not possiUe to cahndate px,. 
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fig. 4 ahows that tha ourvea are quite diatinct; this proves the assomptioa 
that Pk. oomBpoiuls to the amino group andpE« to the phenolio group. Fig. 5 
lepresentB the titration of a dicarbozjlio acid. The diffeiences in the 
values of both oarbozyl groups in alcohol and water are about the saxne. In 
lysine, fig. 6, both amino groi^ show the same basic oharacterifitica. The 


Table V.—^Temperature 18°. 



Water. 

Alcohol. 

Differanoe. 

AlUUM— 




Si 

2*48 

4-27 

+ 1TO 

9*90 

10-09 

+0-13 

Tyrodno— 




. 

2 35 

3-38 

+1-03 

Pu . 

1 910 

— 

— 

10-41 

1 

12-45 

+2-04 

<Htttamio add— 




. 


3*80 

+1-05 


5-70 

+ 1-42 

. 


9*85 

+0-15 

Lynne— 



+1-73 

^ ! 


3*93 

9-18 

9-36 

+0-18 

■ . 

1078 

10-92 

+0-14 

arsiiilDe 

1-76 

2-88 

+1-12 

p- . 

' . 

9-25 

9-24 

-0-01 

12-70 

13-00 

+0-25 

Hktidine- 




.... 

1-76 

2-S8 

+ 1-12 

. 

5-99 

6-10 

+0-11 

0*3V 

9-28 

-0-02 

Praline— 




. 

2-00 

3-70 

+ 1-70 

10*62 

10-05 

-0-07 

Hydroxypiuline— 

1-95 


+ 1-60 

2 «.. 

Pih . 

3-05 

10-00 

10-10 

+0-10 


titration constant of the guanidino group of arginine, fig. 7, as a basic group 
has similar numerical values for alcohol and vrater; but owing to the fact that 
the whole pB^iange is enlarged in idcohol the blank correction is much less 
and the curve is more cleariy defined. In histidine, fig. 8, the of the glyoxa- 
Une group shows only a slight difference in alcohol and water in acoordanoe 
with its basic oharaoter. 







Fifl. 4.— lyraaiiie, diflodiiim Mlt O Akobo) ;• water; ■ water ooneotion. 
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A. Nenb«Eg«r. 

Ktom the Tatnee for proline, £g. 9. and hydriK^piiQline it can be ahown that 
imiDo>addi are abo iwitterionB. The valaea of px, in aloohcd and water for 
both these aoids show that they oonespond to the oarboi^l group wbibt 
is the ctmstant of the imino group. 



General Diaouttion. 

It seems necessary to emphasize the general importance of titrationB in 
aqueous alcohol and the comparison of these alcoholic curves with the corre- 
sptmding curves for aqueous solutions. 

Eirst of all the whole pa range becomes larger with decreasing dielectric 
constant and therefore very weak adds which are difficult to titrate in water 
in a satisfactory manner ate easily titrated in aqueous alcohol. Examples are 
the titrations of the a>amino group, figs. 3 to 8, the imino group, fig. 9, the 
•-amino group, fig. 6, and to some extent the guanidino group, fig. 7. Secondly, 
the diilerent behaviours of basic and acid groups which are found when the 
dielectdo constant of the solution is changed enables ns to separate gtoupa 
whose dissociation crmstants ate very dose together and this point has some 
impoortanoe for the inteipretation of dissociation constants (see Rjohardsoo 
1933) and for analytical purposes. An example in this paper is tyrosine 
fig. 4. 

The application of the switterion theory to the methods of deternuninf 
anitto groups or carboxyl groups in proteolytio studies has been made b) 
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BiehAzdaoD (1934)« The alcoholic titration of Forenum (1920) and Will* 
Btitter and Waldflohmidt-LeitE (1921) is an estunation of the a-amino groap. 
The disooMion as to whether the addition of alcohol cauBee an increase of the 
acidity of the solution has no real signifioanoe because the “ acidity ” of an 
aqueons-alcoholio solution is an arbitrary magnitude. 

In comparison with an ordinary acid the dissociations of all cationic acids 
and basic groups are higher in alcohol; only in this sense is it possible to 
speak of a stronger acidity in alcohol. 

The advantages of the application of alcohol in estimating amino groups are 
twofold. Firstly, whereas in water the of the amino groups is so high that 
it is difficult to titrate them, in alcohol the conditions are more favourable; 



the numerical value of the remains about the same as in water on account of 
the zwitterionic character of the amino-aoids and the range becomes much 
larger which makes the titration more satisfactory. Secondly, other groups, 
the phenolic group, which disturb the titration in water cannot have that 
effect in aloohoL The Lmderstrem-Lang (1928)* titration is an estimation of 
the carboxyl groups and is also connected with the zwitterionic character of 
the amino-acids. The carboxyl groups are very add in water and the acidity 
decreases with the lowering of the dielectric constant of the medium. If the 

* linderstrem-Lsiig in hk peper also gives a theofetiaal explauatkm which takes the 
dMsctiio oonsUnt into aooooot. 



199 A. Kettboger. 

amioo-acidB had not a awittotionio ohaiaotw tha oonditioiia would be aa on- 
favourable as they are in water. 

It is my intention to apply these eleotrometrio titration metiioda to 
teolytic investigations. 

1 wish to e:qffees my gratitude to Profemot G. R. Harington, F.B.S., 
foE his continued interest and to thank the Aoademio Assistanoe Oonnoil 
for a personal grant. 


(1) It has been shown that the aoid-base theory of Bronsted oan be made 
the basis of a simple theoretical treatment of the oonatitntion of ampholytes. 

(2) A technique has been developed by which aqueous-alcoholic solutions 
of amino-acids may be titrated eleotrometrically against a standard aqueous 
calomel electrode with very little interference from liquid junction or phase 
boundary potentiak. 

(3) Althon^ the system used cannot be thermodynamically defined it is 
capable of showing clearly the variation in the behaviour of aoidic and basio 
groups in relation to the dielectric constant of the solvent. 

(4) The resultB obtained by this method give strong support to the swit- 
terionic theory of the oonstitution of amino-acids. 

(6) The importance of eleotrometrio titrations in aqueous alcohol for 
voltunetrio purposes and for the interpretation of dissociation constants has 
been pointed out and the basis of the existing volumetric methods of estimation 
of amino-acidB has been discussed in the light of the fiscts revealed by the 
titration curves. 
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Nerve Heat Production as a Physiological Response to Ezcilation. 

By A. y. Hill, F.B.S., Foulerton Research Professor of the Royal Society. 

(From the Department of Physiology and Bioohexniatiy, University College, London.) 

(Received February 27,1954.) 

For many years attempts were made to record the energetic and motabolio 
changes in nerve associated with activity. Since 1926, when the heat pro¬ 
duction was first measured, a considerable amount of work has })ecn published 
on the chemical and thermal changes and on the oxygen consumption and 
carbon dioxide production caused in nerve by stimulation. The regularity 
of the results obtained under all kinds of conditions of frequency and 
duration of stimulus, of temperature, of the presence and absence of oxygen) 
and the general agreement between heat and oxygen measurements on the 
one hand and the electric response on the other, seemed to give assurance 
that a genuine physiological characteristic was being investigated. It has, 
however, been persistently objected by H. Winterstein that the increase ob¬ 
served, as the result of electric excitation, in the metabolism of nerve is simply 
a direct consequence of the electric current passed through it and has nothing 
whatever to do with the normal process by wluch the impulse is propagated. 
This drastic view has been embodied in a text-book article (1932) in which 
" the regrettable conclusion ” is reached that “ the wonderful technique 
developed for studying the heat production of the nervous system has led to 
no results of value os to the energetics of the physiological process of excitation. 

The experiments on which this opinion is based have been critieixed in detail 
by Gerard (1932, where full references will be found), by Meyerhof and Schulz 
(1930), by Schmitt (1933), by Hill, Fenn and Gterard (1934), by Harashima 
(1933), by Gerard and HartUne (1934), and by Hill (1932, a, b). It can 
easily be calculated, moreover, that in the later experiments by Winter- 
stein and his colleagues (e.^., Ledebur, 1933) on “ reflex excitation ’’ the method 
employed was so unreliable and the quantities to be observed so small that the 
negative results found were to be expected in any cose. Since, however, the 

regrettable conclusion ” might, in spite of the evidence, confuse the issue 
the experiments to be described have been made in the hope of deciding the 
jnatttf. 
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The heat prodaotiou of stimnlated nerve, in all the latest experiments (Hill, 
1233; Bugnard, 1934; Bereaina and Feng, 1933), was measured in a legicrn 
of nerve the nearest point of which was 35 to 40 mm. below the stimulating 
electrodes. The stimuli were oondensor discharges of known time characteris¬ 
tics, approximately “ optimal,*’ and they wore always somewhat submaximal. 
Between the stimulating electrodes and the thermopile was a large silver 
block on which the nerve lay in a groove, and in many of the experiments 
this block was earthed. The electrodes were about mm . apart (see fig. 1). 
Under the circumstances it was very improbable that the stimulating current 
would spread 40 to 65 mm. to the nerve lying on the thermopile, and with such 
strength and regularity as to produce, simply as an artefcust, the very consistent 
results recorded. 

It was not difficult, however, to test the possibility by stimulating (a) at 
electrodes closer to the thermopile, and (6) at more distant electrodes, and 
comparing the results. When the silver plate (hg. 1) alone was earthed there 
was no chance of the stimulating current spreading beyond it to go to earth; 
it could go beyond it only in the outer fringe of a distribution of closed current 
lines around and between the electrodes. The density of this outer fringe of 
current must fall off extremely rapidly at greater distances from the electrodes 
—as does the magnetic field round a small magnet, winch at points along the 
axis varies inversely as the cube of the distance. Hence, by using a pair of 
electrodes closer to the thermopile the current-spread to the nerve in the region 
investigated would bo greatly increased, and a greater thermal response 
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obtained. If rednoing the distance had no effect on the heat piodoction it 
would be difficult to attribute the latter to ourrent^pread, or Indeed to any 
dtreef (as distingnished from transmiUed) effect of the stomnlus. 

A thermopile was prepared as in fig. 1, with a pair of adjustable eleottodes 
(1) and (2) generally used at a distance of 30 to 40 mm. fitom the nearer end 
of the thermopile, and a third electrode (3), whioh, with the edge (4) of the 
silver block, could be used as a second pair at about half the distance from the 
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nearer end of the aeotion of nerve in which the heat was measured. The 
nerves stretched about 7 mm. above (1) (2)i so that stimulation oooorred 
well away from the cut end. Their lower ends reached just beyond the fixed 
electrode (6) which, with the edge (6) of the block, was used only for calibratioii 
and otherwise was disconnected. 

In no experiment was any significant diilorence found, applying the same 
stimulas (a) at (1) and (2), and (6) at (3) and (4). With alternating shooks 
and with one-way shocks the results wore identical. It might be argued that 
the shocks applied were enormously supennaximal for most of the fibres and 
BO could produce a maximal artefact even at a considerable distance. This 
was tested by finding tbo relation between response and strength of stimulus 
(a) at electrodes (1) and (2), and (b) at electrodes (3) and (4). The results are 
given in Table 1. The stimulus was altered by changing either its voltage 
(January 3, January 1) or its capacity (January 8). It is evident that the 
relation between stimulus and response was practically the same whichever 
pair of electrodes was used; so far as there was a diilerence at all, the greater 
response was obtained from the more distant electrodes. 

When a response is about half maximal, its sise is very sensitive to small 
changes in the stimulus. In spite of this, Table 1 shows that from a given 
stimulus practically the same response was obtained from both pairs of elec¬ 
trodes. With the sub-maximal stimuli, were the response observed due to 
any direct effect of the stimulating current it could not fail to be greater from 
the nearer electrodes. The results, however, ore simply and naturally explained 
if we regard the observed response as due to a propagated disturbance. 

The observed heat, therefore, is due to a propagated and not to a direct 
effect of the stimulus. It remained, however, to establish the heat production 
as a normal physiological factor, namely, to show parallelism under certain 
critical circumstances to other known characteristics of nerve response. The 
power of a propagated impulse to initiate muscular oontraction is universally 
admitted os a normal physiological function; and it is too late to-day to deny 
the existence of the action potential accompanying the propagated disturbance 
as a normal effect of a natural stimiUus. It was required, therefore, to 
find some characteristio of the heat production of nerve which would allow it 
to be compared (a) with the meohanioal response and (h) with the action ourrent. 
With the latter, as a matter of fact, it has already been directly compared by 
Qerard, Hill and Zottennan (1927): as the frequency of excitation was altered 
the heat production in a short stimulus varied in the same way as the total 
electrical response. 
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A direct oomparuan, however, between nerve heat and musonlar leaponae 
was not possible owing to two oiroumstanoes: (a) the nerve heat is so small 
that a prolonged stimulus must be given and the muscle responding to this 
stimulus would then be soon fatigued; (b) the musde itself liberates so much 
heat that if it were in the same chamber attached to the nerve the heat from 
it would entirely mask that due to the nerve itself. A oharaoteristio tiierefore 
was chosen which enabled an indirect but very pertinent comparison to be 
made between the three different effects, namely, the time £fictor in excitation. 
If we could find the relation, for a given response of any kind, between the 
strength of a stimulating shock and its duration, and if this relation.ptoved to 
be the same for two or more different forms of response, we could naturally 
assume that these were intimately connected. To be specific, if the strength- 
duration curve for nerve excitation were found to be the same when the response 
looked for was heat, as when the response looked for was a muscular contraction, 
it would be very difiicult to deny that the heat was directly associated with the 
process by which the impulse was transmitted which caused the muscle to 
contract. 

In fig. 2 (upper) is shown a series of eight curves relating the heat response of 
nerve in a 20'8econd stimulus to the time of discharge of the condenser used 
for stimulation. The experiment was made at 25° C. on Hungarian frogs 
acclimatized to that temperature. Each observed point as plotted represents 
the sum of the two responses in a series starting at the lowest voltage and 
working up to the highest and back again. No point has been omitted. One¬ 
way shocks were applied between electrodes (1) and (2), the cathode being at 
(2). The frequency SOS/scc. was constant throughout. The electrodes had 
a 600-ohm shunt, which, with the series resistance and the measured resistance 
of the nerves, gave a total discharge resistance for the condenser of 608 ohms. 
This resistance was constant throughout and the time of discharge was varied 
only by varying the capacity of the condenser. 

Each onrve represents a different voltage. The right-hand curve was for 
1 *40 volts and the response was observed for six different capacities in increasing 
size. The voltage was then changed to 1*82 and the response measured with 
seven different capacities. The voltage was then altered to 2*39 and the 
response to eight different capacities found. The proooss was continued with 
8*24 voltB, 4*28 volts, 5*92 volts, 8*58 volts and 12*26 volts, the same being 
then repeated in the reverse order. The means were plotted, the response 
being regarded as a function of the logaxitiim of the time of discharge of the 
condenser. If F miorofaxads be discharged through R ohms then the charge 
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has ffdlen to I/0 of its initud value in a time RF millionths of a second. For 
simplicity we will call the time required to discharge to 1 /e of the initial value 
the “ diaoharge time ” ; when log RF 3 the discharge time ’* is la. 

The advantage of logarithmic plotting is two-fold; (1) it enables all the 
curves to be drawn on the same diagram and to appear not only of about the 
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In the upper curves of fig. 2 we have all the information required to plot the 
** fftrongtb-duration curve ” for any size of response. As usually defined, the 
strength-duration curve is recorded for a minimal muscle twitch: there is no 
virtue, however, in a minimal response—any constant response is as good. 
From the upper half of fig, 2 we may read off, for any given size of thermal 
response, the relation between the voltage and the disoliarge time, and this 
has been done in the lower half of the figure for four diBerent heights of response. 
The lowest curve relates the logarithm of the voltage to log BF for a response 
of 16 mm. The eight circles are derived firom the eight curves in the upper 
half of the figure. For a greater response a greater capacity is required for a 
given voltage, a greater voltage for a given capacity. Consequently the 
strength-duration curve for 30 mm. response lies above that for 16 mm. response. 
Similarly the curve for 46 mm. response lies higher again, and that for 60 mm. 
still higher. 

It will be noticed that log V is plotted on twice the scale of log BF. It is 
a valuable characteristic of these curves, as Bushton has pointed out (1931, 
p. 286), that the ** optimal ** stimulus, «.e., the stimulus of minimum energy, 
lies at the point where, with this scale of plotting, the curve has a slope of 
45 degrees. In order, therefore, to obtain the optimal stimulus &om these 
curves, all that is necoasary is to place a parallel ruler on the diagram at 46 
degrees to the axes, to move it forward and to mark the point at which it 
touches the curve. Such points are marked in fig. 2 by the four vertical 
lines crossing the curve and the arrow represents the mean of the four. The 
optimal stimulus here is such that logKF =3 1*74, the half-discharge time of 
the condenser therefore being 0-038o. 

It might have been suspected that the frequency would influence the shape 
and not only the size of the response-capacity curve given in the upper 
part of fig. 2. This is not noticeably so. In the small figure inset, two 
leeponse-oapacity curves are shown for two very diBerent frequencies, 
namely, 90/seG, and TOO/sec. respectively. For each the response is 
plotted as a function of log BF. The two curves are of the same shape 
but, of course, of diBerent heights, the higher frequency giving the 
greater response. 

It is not possible with nerve heat to continue the strength-duration curve 
to the extreme right. In order to obtain a sufficient response in a short 
Stimulus it is necessary to employ rather a high frequency, and with one-way 
idiocks from a commutator not more than about 40% of each interval is available 
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for the difioharge. Thisi theieforei has to be rather rapid or else it will not 
be complete in the interval of contact. If a lower frequency could bo employed 
the strength-duration curve could be taken to considerably longer timoa. This, 
however, would not affect the determination of the optimal stimulus which, 
as Waller pointed out many years ago (1899) and as Lucas emphasized (1900, o, 
1906, 6), is an indicator of the time factor in excitation. (See also Cybulski and 
Zanietowski (1894)). The excitation time ” (or the “ ohionaxic '’) is another 
quantitative expression of this same factor, but it has no odvatitage in principle 
over the duration of the optimal stimulus, so that the optimal stimulus, being 
more easily determined in tho present case, can be taken as the indicator wo 
require. It is simplest to express it by its logarithm, namely, as log RF for 
the stimulus of minimum energy. This is read off directly with the aid of a 
parallel ruler from such curves os those in the lower part of fig. 2. 

There ia nothin^^ in tho theory of oxoitation to Huggeet that the energy as fiuch plays any 
•peoiAo role. Its choice is just as arbitrary as that of the factor 2 in the definition of tho 
chronaxie. Tho quantity FV** has a minimum for any value of n loss than (about) unity, 
and the value of RF for whioh FV** is a minimum oan be used as a measure of tho time 
laotor in excitation. The “ optimal '* stimulus is that for which n == 2. It might in faot 
be better to adopt another value, e.g., n 3, end to find RF, for FV* to be a mmimum. 
This could be road off on tho log V - log RF curve from tho point at whioh d log V/d log 
BF =a — 1/3; or, since the soaio of log V in the figuros is twice that of log RF, from the 
point at which the nt^tive slope is 2/3, The point would be more to the right than for 
tho “ optimal ’* stimulus, and so on a rounder part of the ourve where it oould be deter¬ 
mined with a parallel ruler with greater accuraoy. 

Several other experiments of this kind have been made. One of these is 
shown in detail in fig. 3. Hungarian frogs were acclimatized to 37° C. by 
keeping them for several days at a high temperature. Tho heat production 
was measured by the maximum deflection in a IG-second stimulus. The 
frequency wm 360 one-way shocks per second at electrode (2). Tho total 
resistance of tho discharge circuit of tho condenser was 292 ohms, being made 
up of a 405 ohms shunt across nerves with a measured resistance of 1050 
ohms. Various voltages were taken from 0*82 to 12-2, and for each voltage 
the leeponse was found for a series of different capacities. As before, in. the 
upper half of the figure, the response is plotted as a function of log RF. On 
the diagram a horizontal line is ruled at a height of 25 mm. At the points 
where this line crosses the several curves, volts and log BF can be road off for 
the given response. Log V is plotted against log RF in the right-hand bottom 
part of the figure (hollow circlee). Here the optimal stimultis is for log RF ea 
1-78. 
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In the same diagram is given another ouiva (solid qiioleB) fin an erperiment 
made under exactly similar conditions at 32°. The total resistanoe of the 
discharge circuit was 175 ohms, IG-seoond stimuli were provided with a 
frequency of 560 one-way shocks per second, and the plotted curve gives an 
optimal stimulus at the arrow with a log RF = 1 *84. 

There is another way in which the optimal stimulus can be determined from 
the data, namely, by reading off from each curve in the upper part of the figure 



the response for which FV* has a certain constant value. FV* is proportional 
to the energy of the stimulus, and if FV be given any particular value, e.g., 
1*24, then fin each value of V the value of F can be calculated aud so the 
point determined for which the response is required. This method has been 
employed for a number of different values of FV* to constniet the diagram in 
tiie lower kft-hand side of fig. 3. The curves there given ace exaotiy similar 
to those in a previous paper (Hill, 1932, 6, p. 126) and the optimal stimulus 
obtained from than must, if the calculation and plotting be properly oacried 
out, be the same as that found with the parallel ruler on the other tjrpe of 
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ourve. Fig. 4 shows a muoh better example of the same curves, derived ia 
this case from the experiment shown in fig. 2. The optimal stimulus is not so 
aocnxstely determined from these curves as from those of fig. 2, but the value 
shown by the arrow corresponds to log RF = 1 *80 which is not far from the 
mean value 1 * 74 found £com fig. 2. 

The same procedure can bo carried out for the electrical response. With 
the assistance of Mr. Donald Scott the experiments were made which are 
shown in figs. B, 6 and 7. A nerve was mounted in a parsfim wax chamber and 



Fia. 4. 


a monopbaaio response recorded with the aid of calomel electrodes and a 
Downing moving magnet galvanometer of high resistance. The stimulating 
eUctrodes were gimiUT to those used in the nerve heat measurements and were 
at a aiiwilai* diatanoe £rom one another. The oonunutator, the condenser, the 
duM oiieiut aeries resistance, were all arranged as in the nerve heat 
measuxemonts. A short stimulus was applied to the nerve (about 2 seconds) 
and the eketrio leeponie read on a scale. In the upper half of fig. 5 the 
frequency was fil/sec. one-way shocks, in the lower half 22B/seo. 





SIO 

Ai the lower freqnenoj' ei^t volnee of the voltage were ohoeea from 0-8 
to 12 *7, and with each the capacity waa varied so as to get responaea above and 
bdow the chosen value of 60 mm. on the aoaie. The relation between response 
and log RF is shown in the figure. It is clearly identical in oharaotor with 
that obtained using the thermal response as an indicator. A line is ruled 
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across the diagram at a height of 50 mm. and for the given response log BF 
can be read off for each voltage. Log V is plotted against log RF in fig. 0 
(curve 1) and we see a relation exactly similar to that in figs. 2 and 3. For the 
higher frequency the response-log BF relation is given in the lower half of 
fig. 5. 'VSlth the higher frequency the response was much bigger, and the 
upper part of each curve was not taken, so that the outves appear to be of a 
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difietent shape. This is due siinplj to the fact that their tops are not 
included. Here again a line is ruled across the diagram at a height of 80 mm. 
and for the given response and each voltage the value of log RF is read off. 
In this way a log V-log BF relation is found which is plotted in fig. 6 (curve 2). 

For these two curves the optimal stimuli can be read off at the two arrows. 
The mean for log RF in about 2 ■ 4; this is greater than for the heat measure¬ 
ments, partly at least because the temperature, 18*6° C., was considerably leas. 



It now became evident that the same experiment could be performed on 
the electric change very much more quickly and simply by continuous stimula¬ 
tion. The commutator was set running and the condenser adjusted to a very 
small valae. The voltage was then increased until, with Hlq stimulus con¬ 
tinuously running, a given siae of the deotrio reqK>n8e was obtained on the 
scale. The capacity was changed and the voltage adjusted to give the same 
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impotm. The oapaoi^ vae agun ohanged and again the voltage adjoited* 
la thie wajr in a very few ininatee a oomi^etd ourve ooold be made, naming 
over it from one end to the other and back, during oontmuoas etimolation at 
any deeiied frequency. The method opens up possibilities which will be 
developed by Mr. Scott in a subsequentc ommunication. In fig. 6, curve 3 was 
obtained by this method, the nerve being stimulated with one-way shocks at 



fi9/seo.; the optimal stimulus shown by the arrow is in the same region ae that 
found by the ’other method. 

Fig. 7 shows uiother experiment made in the way just deeoiibed. At about 
18^, again with tiie asaistanoe of Mr. Soott, the neirve was stimulated ocm- 
tinuonsly at the freqoenoy shown; the oapooiiy was changed and the voltage 
was adjusted to give a constant defieetion on the scale. The ditfermt coma 
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aie not for the same defleotion and are not therefore directly comparable. 
The nerve had, in Beriea with the stimulating electrodes, a resistance of 47,900 
ohms, and across this and the electrodes was a shunt of 1087 ohms. The lowest 
curve was the mean of two series in opposite directions; the middle curve was 
the mean of four series, two in each direction, all taken in 30 minutes; the 
top curve was the mean of two series in opposite directions taken in 15 minutes. 
The optimal stimuli, determined as before with a parallel ruler, are in the 
neighbourhood of log RF = 2*26. This again is higher than in the heat 
production experiments owing to the lower temperature. 

Finally an experiment was made on the mechanical response of a muscle 
stimulated with single condenser discharges. Owing to the rapid onset of 
&tigae continuous stimulation was not possible for muscle, but only single 
twitches. These were recorded by a photoelectric arrangement similar to that 
described by Kamada (1932). The area of the isometric twitch was read 
directly on a galvanometer scale, which is iimch more convenient than allowing 
the twitch to be recorded on smoked paper and then later reading it ofE. Hero 
also the response is plotted in the upper part of the hg. 8 as a function of 
log RF. Eight voltages were chosen (0*7 to 5*02) and for each of these the 
capacity was given a seriea of diilcrent values so as to bracket the required 
response (30 mm. on the galvanometer scale). The experiment was carried 
out at about 23° C.; the nerve on the electrodes had 47,900 ohms in series with 
it, and the whole was shunted with 5010 ohms ; a single condenser discharge 
was given by depressing a Morse key. 

From the curves in the upper part of the figure the relation can bo road off 
between log V and log RF for a given response in the same way as before. 
The upper curve in the lower half of the figure shows the result obtained ; the 
lower carve was similarly obtained in another experiment at about tho same 
temperature. Tho height of the curve depends upon such factors as the value 
of the series resistance and shunt. The form of the curve is a property of the 
nerve. The two curves are of the same shape as those found for the elootrio 
change and for the heat production. The optimal stimuli in the two curves are 
for log RF s 2*1 and 2-3 respectively. 

The electric change and the heat production are recorded for all the fibres 
of the nerve, afferent and efferent alike; the mechanical response is recorded 
only fSor the motor fibres. The fact that the optimal stimulus for the twitch 
has a log RF slightly greater than for the heat production at nearly the same 
temperature may be due to this. In any case the divergence is oompantively 
•mall and there is no doubt that the form of the curve is the same. 
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Minor difierences, therefore, there may be between the strength-dniatioa 
curvra obtained for the three different forms of responses. The fibres which 
give the greatest heat may not give the greatest eleotric change, nor may they 
be responsible for the muscular contraction. Each method of recording the 
response lumps all the fibres together with different weighting factors which 
may not bo the same in the different types of response. There is no doubt» 



however, examining figs. 2 to 8 that the time charactezistio of excitation when 
the thermal response is considered is similar to and almost quantitatively the 
some as that obtained byezamining the electric change or the muscular response. 
If the heat production be an artefact it is in the same case as the mechanical 
response and the electrical response. One cannot conceive the possibility 
that the siUjgle relation foond for all three in figs. 2 to 8 should be due to chance. 
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Summary. 

(1) H. Winteistein has insisted that the oxygen consumption and the beat 
production found in electrically stimulated nerve are not due to a transmitted 
physiological effect (the impulse), but to a direct effect of the current on the 
nerve. 

(2) The heat production is measured in a region of nerve 37 to 63 mm. 
distant ffx>m the stimulating electrodes, protected from current leak by an 
intermediate connection to earth. If current-spread were the cause of the 
observed heat it could only be in the outer fringe of a system of closed current 
lines round the electrodes, and the shocks would have to he enormously strong. 
In that case placing the electiudos nearer the section of nerve examined would 
greatly increase the effect. As a matter of fact, the heat is unchanged, and the 
relation between heat and strength of stimulus is unchanged when tlie distance 
of the electrodes is halved. The observed heat therefore is due to a transmitted 
and not to a direct effect. 

(3) The electric change of nerve, and the mechanical response of muscle 
indirectly excited, are admittedly due to the transmitted impulse. They are 
normal physiological effects, the same whether stimulation be natural ” or 
" artificial.'’ When they are produced “ artificially ” by electric excitation 
there is a well-known relation between the strength and the duration of tho 
individual shocks. The excitation time *’ and the optimal stimulus ” 
are well-defimKl quantities. The same relation exists, and the wime quantities 
are found, for the heat production. It would lx; very strange if an electrical 
artefact had so characteristic u propturty in common with two known forms of 
physiological response. 

(4) The heat production, therefore, like the electric change, is a normal 
property of the transmitted nervous impulse. 

(6) A method is described by which tho strength-duration relation for 
electric excitation can be determined for any nerve, motor or otherwise, during 
continuous stimulation at any frequency, 
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The Action of Pt^assium and other Ions on the Injury Potential and 
Action Current in Maia Nerve. 

By S. L. Cowan.* 

(From the Depertment of Physiology and Bioohemiatiy, Unirenity College, London, nnd 
The Marine Biological Laboratory, Plymouth.) 

(Communicated by A. V. Hill, F.B.S.—Received March 2, 1934.) 

The electric ounonta in living tiasues have interoated phyaiologiats ever 
since theii existence was proved by Du Boia Reymond, but little was done 
towards explaining their origin and magnitude on a quantitative physico- 
oheinioal basis before the pioneer researches of J. H. Macdonald. Work previous 
to Macdonald's has been discussed fully by that author (1902), hence it will 
not be mentioned here. 

Macdonald found that the injury potential of meduUated nerve, either fri>g’a 
or mammal’s (1900, a, b ; 1902), could be given a value greater or smaller 
than the normal by simply altering the concentration of the solution in contact 
with the external surfaces of the fibres. He showed that solutions of NaOH, 
Hd, NaCl, or EGl affected the potential acoording to their concentrations 
and that the relationship between the two variables was a logarithznio one, 
which fact was in agreement with the then new theory of concentration cells 
developed by Neznst. Macdonald went on to point out (1902) that the effects 

* Part of the work described here wzs done during the tmuie of a personal grant firom 
the Medloa] Research OounoU. 
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of potamum chloride solutions wore particularlj interesting, and to suggest 
that the diSeienoe between the concentration of potassium in the axis cylinder 
of the nerve and in the suirounding blood or salt solution was wholly responsible 
for the observed injury potential. Over a wide range of concentration, 1/8 
to 1 molar, he demonstrated that there was very nearly a linear relation between 
the injury potential and the logarithm of the potassium ion concentration. 
However, since he simply varied the concentrations of his elootrolyte solutions, 
and made no effort to maintain them isotonic with blood by the addition of 
a non-electrolytc, exception might be taken to some of his results on the ground 
that the effects were due in part to the passage of water into or out of the nerve 
with a consequent dilution or concentration of the plasma.* Inspection of his 
results (1902) leaves little doubt that his experiments were complicated to 
some extent by such osmotic phenomena, and that his partial neglect of them 
led to the impossible value of 3^% when ho attempted to calculate, by extra¬ 
polation, the concentration of the potassium chloride solution which would 
make the injury potential of mammalian nerve zero. Unfortunately these 
results led him to assume that such a concentrated solution must also exist in 
the axis cylinder of the nerve and many of his subsequent experiments (1902 
and 1906) were concerned with locating more precisely this high salt con¬ 
centration, and reconciling its existence with all that was already knovm about 
osmotic pressure. 

Another difficulty in connection with Macdonald’s experiments is that he 
did not state the condition of the nerves. There is no evidence that they 
were not seriously impaired, or oven killed, by the soaking in the non-physio- 
logical solutions before the potential measurements were made. 

Following Macdonald, Beutner (1912 onwards) has done a great deal to 
account for the magnitude and sense of bioelectric potentials, by his experi¬ 
ments and by the construction of models consisting of aqueous solutions 
separated by a membrane, or by a layer of a water-immiscible liquid. He has 
distinguished between two tyx>oa of system (for references see 1920 and 1933), 
one with a symmetrical and one with an asymmetric membrane. 

For an example of the first type we can cite the system:— 

0*1 N KCl solution Salioylio aldehyde 0-0008 N ECl solution 

— containing + 

salicylic acid 

* It might also have been expected that with the more concentrated potassium 
chloride eolntlons, Donnan dUtributiona would affect the observed potentials ^>pre- 
clably. This question is ditoussed later. 
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which exhibits an e.in.f. of 0*10 volt. The measured e.m.f. is nearly equal to 
the maximum calculated according to Nemst’s equation 

E = ^log.C,/C„ 

which at 18° C. beoomas 

E = 0058logioCi/C„ 


approximately 0-12 volti when allowance has been made for the difEerence 
between concentrations and ** activities(Lewis and Randall, 1923, chap. 27) 
in the aqueous phases. If, for the slightly acidic water-immiscible phase, a 
slightly basic and still water-immiscible substance toluidine is substituted 
then the e.m.f. of the cell is not only reduced to about one-half of its former 
value but also its sense is reversed. 

A system of the second type, analogous to Cremor’s nitrobense&e chain, is 
the following double membrane cell:— 


+ 

Calomel electrode 
with 0-1 NKCl 


Cresol 


Benzaldehyde 


Calomel electrode 
with 0-1 NKCl 


When the two aqueous phases are identical the e.m.f. is 0*13 volt. 

Besides the two types of cell described by Beutner a third type is possible 
in which the asymmetry is due to the presence of a non-diifusibic ion on 
one side of a membrane separating two electrolyte solutions. The behaviour 
of such systems is embraced in the Donnan theory of membrane equilibria 
(1911). 

■WTiilst Macdonald (1900, a and b ; 1902) seems to have favoured the view 
that modullated nerve is bounded by a symmetrical membrane his experiments 
are inconclusive, and even if it were possible to avoid the internal short circuit¬ 
ing, which occurs so much more easily with animal tissues than with plant 
cells, e.m.f. measurements would still bo inconclusive without knowledge of 
the chemical constitution of the axis cylinder. 

From the observations of Beutner, Osterhout, and other workers it would 
seem ihst the membranes bounding living cells are more commonly asymmetric 
than symmetrical. Beutner (for references see 1920 and 1933) has studied 
apple peel as an example of a membrane of the asymmetric typo, and more 
recently Osterhout and his collaborators (for references see Oeterhoat, 1931) 
have shown that the membranes enveloping large single plant oeUs of NiMa 
(iavaia and Valmia tnacraphysa are asymmetric. With NUdta both the 
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concentration effect and the asymmetric effect have been investigated on the 
same membrane. The arrangement 


+ 

sap 

(interior) 


protoplasmic wall 


sap 

(exterior) 


gives a potential difference of about 15 millivolts, and if potassium chloride 
solutions of increasing strength are applied in succession to the exterior of the 
cell the “ injury ” potential decreases in steps to zero, and with a further 
increase in the potassium chloride concentration a potential in the opposite 
sense is obtained. 

As non-medallated nerve is so much simpler in structure than medullated 
nerve, and the heat production and elec^trical changes are so mucli greater, 
Professor A. V. Hill suggestod that it would l>e worth trying to correlate the 
“ depolarization" of crab's nerve produced by asphyxia or stimulation 
(Fiirusawa, 1929) with any accompanying chemical changes which might be 
detected. Tlie work was begun by examining the inorganic ions contained 
in nerve: preliminary analyses showed that potassium is the only cation 
besides sodium present in any considerable quantity and, keeping in mind the 
data summarized above, an attempt to connect this fact with nerve function 
led to the more physiological experiments described in the other sections of 
this paper. 


The EittimeUion of Potassium and other Substances in Crab*s Blood and 

Nerve. 

Because in January and February, 1932, specimens of Maia squinado were 
not readily available, some preliminary analyses were made with samples of 
blood serum and nerve which had been obtained from five living si>ecimcns of 
Cancer pagurus at the Marine Biological Laboratory, Plymouth, and sent to 
London in glass stoppered bottles. Other samples of Cancer blood serum and 
nerve were obtained irom two living specimens supplied by a local fishmonger^ 
The serum was always poured off from the clot after the freshly drawn blood 
had been allowed to stand for about 15 minutes. 

Blood serum samples of approximately 10 c.c, were weighed into silica 
omoibles and their water contents were determined by drying at C. until 
constant weights of residue were obtained. After the residue had been charred 
with concentrated Bulphorio acid, and nitric acid had been added until all 
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OTganio matter waa completely oxidized, a trace of ammoninm carbonate was 
added, the material was heated to dull redness, then cooled and weighed as 
cation sulphates. These were dissolved in hot 0-1 N acetic acid and the 
potassium present was estimated gravimetrically as the sodium potassium 
cobaltinitrite according to the method described in Treadwell and Hall (1924). 
As the composition of the precipitate varies somewhat under different con¬ 
ditions an empirical factor was found by employing a solution containing 
" analytical reagent ” sodium and potassium chlorides in the amounts in 
which they occur in sea water. The analyses were further checked by deter¬ 
mining the potassium content of Plymouth outside sea water,’* which had 
been collected at the international hydrographical station E.L The results 
were in agreement with those obtained by Dittmar (1884) for Atlantic sea 
water. 

With seven specimens of Cancer blood the differences between duplicate 
determinations of total solids, inorganic sulphates, and potassium were less 
than 1% of the amount of substance estimated. The extreme values for the 
total solid content of different specimens wore 6*8 and 11*7%, and the mean 
value is 9*7%, when the one low result 6*8% is excluded. In spite of these 
variations in the solid content of different specimens the ratio of the total 
inorganic sulphate residue to the water present was very constant. The 
potassium contents of the samples wore also fairly constant, lying between 46 
and 56 mg. per 100 gm. of water (Table I). 

The nerve samples, which had been blotted carefully on gravimetric ” 
filter paper (Whatman, 42 which is free from fluff and soluble organic matter), 
were placed in silica crucibles, weighed, and examined in the same manner as 
the blood samples. The results of duplicate analyses, which also are sum¬ 
marized in Table I, were rather less consistent than for blood, owing to the 
difficulties of isolating nerve free from connective tissue, and on account of 
the variable amounts of water retained, even after careful blotting, between 
the secondary bundles constituting the nerve trunk. 

Four 10-O.O. speoimenB of Maia blood serum were also examined. The total 
solid and total inorganic cation sulphate contents were similar to those occur¬ 
ring in Cancer blood whilst the potassium content was slightly lower. Two 
samples of Afata nerve liad approximately the same potassium content as 
Cancer nerve, Table II. The water contents of the Maia nerves were found 
to be about 1% leas than those of the nerves used by Meyerhof and Bohulx 
(1929)—probably this is due to the differences in the method of blotting and 
drying. 
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Table I. 

Cancer Blood Serum. 


Speoiinen. 

Total solid! 
per 100 gm. 
of tenim. 

Cation! a* 
■nlphatM 
per fOO gm. 
of 16 rum. 

, CaUona a« 
■ulphatofl 
per 100 gm. 
of water. 

Potassinm 
per 100 gm. 
of Benim. 

FotaMlom 
per 100 gm. 
of water. 

A 

680 

4-01 

4-29 

0-0480 

0-0010 

B 

10-31 

3-84 

4-28 

0-0400 

0-0002 

0 

11-09 

3-81 

4-31 

0-0432 

0-0489 

D 

9-48 

3-88 

4-29 

0-0002 

0-0054 


8-28 

3-94 

4-32 

0-0426 

0-0464 

F 

8-84 

3-92 

4-28 

0-0000 

0-0504 

G 

9-71 

3-90 

4-36 

0-0446 

0-0494 


Sea Water. 


Spedmen. 

Total solid! 
per 100 gra. 

Cation! as 
eolphatefl 

per loo gm. 
of iolution. 

Cations as 
sulphates 
per 100 gm. 
of water. 

Potassium 
por 100 gm. 

Potaasium 
per 100 gra. 

of lolution. 

of solutirm. 

of water. 

a 

345 

4-17 

4-33 

0-0392 

0-0406 

b 

3-47 

4-22 

4-30 

0-0387 

0*0402 


Cancer Nerve, 


Speoimen. 

Total soUds 
per 100 gm. 
of nerve. 

Cations aa 
sulphate! 
per 100 gm. 
of nerve. 

Cations as 
sulphates 
per loo gm. 
of water. 

Potassium 
per 100 gm. 
of nerve 

Potasnam 
per 100 gm, 
of water. 

A 

14-22 

3-71 

4-33 

0-003 

0-081 


13-90 

3-62 

4-22 

0-026 

0-611 

B 

14-81 

3-79 

4-42 

0-491 

0-073 


14-12 

3-72 

4-34 

0-003 

0-680 

0 

13-84 

3-78 

4-42 

0-007 

0-646 


14-07 

3-68 

4-30 

0-064 

0-607 

D 

14-21 

3-79 

4-38 

0-034 

0-623 


14-02 

3-84 , 

4-44 

0*027 

0-617 


As the methods described above for the determination of potassium were 
rather tedious, and required relatively large amounts of material, it was 
decided to adopt the method described by Kramer (1920) for 1 c.o. samples of 
human serurtL It was, however, modified, so as to increase the accuracy and 
reliability, and enable it to be used to measure the rate of leakage of potassium 
from stimulated nerves (see later). 
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Table II. 


Maia Blood Serum. 


Speoimon. 

Total Bolid 
per 100 gm. 
of aerom. 

i 

CaUoiui SI 
lulphstM 
por 100 gm. 
of leruiD. 

i 

C^tioni M 
inlphatos 
per loo gm. 
of water. 

PotsaJum 
per 100 gm. 
of lerum. 

Potusiiim 
per 100 gm. 
of water. 

A 

10-60 

3-83 

4-80 

0 0300 

0-0403 

B 


.1-00 

4-32 

0-0302 

0-0428 

0 


3-oa 

4-30 

0-0413 

0-0462 

D 


3-89 

4-30 

0-0389 

0-0420 


Maia Nerve, 


Specimen. 

Total solid 
por 100 gm. 
of nerve. 

Cations as 
sulphates 
per 100 gm. 
of nerve. 

Cations as 
sulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 
of nerve. 

iNitassium 
per 100 gm, 
of water. 

A 

13-1.1 

3-78 

4-34 

0-528 

0-616 


j 13-30 

3-70 

4-26 

0-620 

0-600 

B 

13-27 

3-73 

4-28 

0-608 

0-686 


13-10 

3-79 

4-36 

0-514 

0-602 


The modiftoationa were :— 

(а) At least 12 houiB were allowed for the formation of the cobaltinitrite 

precipitate since it is not really complete in half an hour. 

(б) The adoption of a smaller Gooch crucible and the reduction in the amount 

of asbestos fibre used. This meant that it was unnecessary to pick 
out the asbestos pad and drop it into the acidified potassium per¬ 
manganate solution; instead the Gooch crucible (1 c.c. capaedty) and 
its contents could be dropped in, eliminating the transfer, a source of 
error since the precipitate floated to the sides unless great core was 
taken. 

(c) The precipitate was washed with 0-1 N acetic acid, in which it is less 
soluble than in water; about 12 c.c. divided into four portionB was 
used to wash the amount containing 0-3 mg. of potassium. 

{d) Instead of 0-02 N, potassium perknanganate and 0*01 N oxalic acid, 
0-1 N solutions were used. The merit of this was that for the titration 
the total volume of solution was reduced bom about 30 o.o. to 3 o.o. 
and the uncertainty of the end point was reduced from 0-00 o.o. of 
0-01 N potassium permanganate solution to 0-001 o.a of 0-1 N per- 
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nmnganate solution. Robberg (1920) has pointed out that the use of 
small amounts of concentrated solutions would lead to such an improve¬ 
ment. 

(e) To gain the advantages mentioned in (d) pipetting errors were eliminated 
by the use of the syringe pipettes described by Krogh and Keys (1931). 
Those instruments can be adjusted to deliver volumes of about 1 o.c. 
with a reproducibility of 1 in 10,000. Instead of a burette a micro¬ 
meter syringe similar to that described by Trovan (1925) was used, 
but modified so that temperatun) variations were approximately 
compensated in the same manner as in tbs syringo pipettes. The 
syringe pipettes and the burette were fitted with glass needles, the ends 
of which had been drawn out to fine jets, I am indebted to Dr, A. 
Keys for his advice about the use of these. 

With the modifications desciibod above the consistency with which 1 c.c. 
samples of approximately the same concentration could be compared was to 
within about ± 0-6%, but the absolute accuracy of a duplicate determination 
was only to within ± 1% because of the uncertainty of the exact composition 
of the precipitate when it is formed under slightly different conditions. For 
this reason, whenever possible, the determination with the unknown solution 
was checked with a known solution of approximately the same concentration. 

The procedure was designed for 1 c.c. of crab's blood serum, or 50 mg. of 
nerve, wliich amounts could be obtained from a single walking leg of a medium 
sized specimen of Maia. The limb was cut off and the blood from it, except 
for the first few drops, was drained into a small flask which was corked and 
shaken until a clot had formed. Then two or three samples wore measured 
into silica tost tubes by means of a syringe pipette, which had been adjusted 
to deliver exactly 1 c.c. The nerve was dissected out (see next section), 
Washed in sea water, blotted on ** gravimetric ” filter paper, put into a weighing 
bottle, weighed and transferred, along with the washings from the weighing 
bottle, to a silica test tube. Batches of specimens so prepared were diyed 
in an oven, small soda glass funnels were then placed in the mouths of the test 
tubes to prevent loss of material whilst fuming nitric acid was dropped in. 
When the oxidation was finished the fluid on the funnels was rinsed into the 
test tubes with a few drops of distilled water and the contents were evaporated 
to dryness. One drop of concentrated sulphuric acid was added to each, the 
tubes were heated almost to redness to remove any excess of acid, and allowed 
to cool, each residue was then dissolved in 1 o.o^ of 0*1 N aoetio acid, and 
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transferred with the aid of a few drops of distilled water to a small beaker. 
One o.c. of 20% “ analytical reagent" sodium oobaltinitrite in 0-1N aoetio 
acid was added to each sample, slowly, drop by drop, with continual shaking. 

After the specimens had stood overnight the determinations were made 
according to the following details. By means of a syringe pipette a volume of 
approzunately O-IN potassium permanganate solution exactly equivalent 
to 1 o.c. of 0*1 N oxalic acid solution was measured into a small wide-mouthed 
conical flask and 1 c.c. of 4 N sulphuric acid was added. Then a Gooch cmaihle 
was prepared with a pad of asbestos about 1 mm. thick and washed with 
0*1 N acetic acid. The oobaltinitrite precipitate from one of the samples 
was filtered off and washed carefully with the measured amount of 0*1 N 
acetic acid. The Gooch and its contents were dropped into the measured 
volume of acidified permanganate solution; the flask was shaken until the 
asbestos pad had disintegrated and then it was placed in a boiling water bath 
for 1 minute. At the end of that time 1 o.o. of 0*1 N oxalic acid was added 
firom a syringe pipette and the heating was continued until the su^naion had 
become quite colourless. Finally, the excess of oxalic acid was measured by 
a back titration with more of the approximately 0*1 N permanganate solution 
from the micrometer syringe. 

The controls with solutions of known potassium content were done at the 
beginning and end of each series of determinations, also bbnks with the Gooch 
crucibles and asbestos. 

For illustration the protocol of a duplicate determination of the potassium 
in 1 c.c. samples of Maia blood is given. In Table III are the resultB for the 
potassium contents of spedmens of sea water, Afata blood and nerve taken 
in September, 1932, and November, 1933. They are all expressed in grama 
per 100 gm. of fluid, since the specific gravities of many of the samples were 
determined by weighing them. 

From these analyses it is evident that in each 100 gm. of water in Maia 
nerve there is about 13 times as much potassium as in each 100 gnu. of water 
in the blood. The true ratio may well be hi^er if an appreciable quantity 
of sea water is retained between the bundles of fibres constituting the nerve 
trunk. Also, attention may be drawn to the analyses of Jfoia blood by 
Leulier and Bernard (1931). They found 0*0486% of potassium in Mediter¬ 
ranean sea water, and 0*0762% in Maia blood. As their values were not in 
agreement with those obtained here the experiments of November, 1933, were 
made to check the previous ones. It may be that the differences ate due to 
some environmental factor. 
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Table UT. 

Maia Blood Sermn and Nerve. 


September, 1932. 


November, 1933. 

Potassiura 
per 100 gm. 
of blood. 

Potassium 
per 100 gm. 
of nerve. 

Crab. 

Potassium 
per 100 gm. 
of blood. 

Potassium 
per 100 gm. 
of nerve. 

0 0423 

0019 

A 

0 0431 

0*529 

0-0392 

0016 

B 

0*0408 


0 0374 

0*436 

C 

0*0382 


0 0408 

0-045 

D 

0 0394 


0 0433 

0-476 

£ 

0*0402 


0 0418 

0-503 

F 

0*0413 

0-538 


Plymouth “ Outaido Sea Water.” 


Potaftrium per 100 gm. of water. 

0 0389 
0*0388 
0*0385 
0*0387 


Speolflo gravities of 1 o.o. samplee of Maia Uood at 12*1** C.: 1 *0406, 1 >0423, 1 *0418,1*0402. 
Speoiflo gravity of sea water at IS • C. s 1 >024. 


Protocol oj DupLicaU Dttermination of PoCoMium in Afaia Biood Serum, 

For andljiais : Two 1 o.o. samples from specimen C of Maia blood scrum, November, 1033. 
Comparison solutionM: Three 1 c.o. samples of an artiflclal sea water containing 0>040 gm. of 
potasslom per 100 c.c. of solution. 

The blood samples were ashed and the oobsltlnitrite reagent was added to acetic acid solattona 
of the ash, and to the sea water samples. The titrations wore performed the following morning. 
The volumes of permanganate solution required for tho back titrations ate given below. 


Ar^fioitU sea waier-^ 

5-79 X 0*0970 =* 0-562 o.o. ^ 

5-76 X 0-0970 « 0-569 o.o. V Mean 0-660 o.c. 
5-78 X 0 0970 =- 0-560 c.c. J 


Maja semm— 

5-72 X 0>0970 -0-555 c.o. \ 

5-77 X 0>0970 «0>669 c.c. / 

Blanks, with Goooh omoible and ssbeatos but no preoif^tate— 

o'2i ^ n \ MeanO OSl o.o. 

0-32 X 0*0970 — 0*031 o.o. / 

Bpeoifio gravity of 1 o.o. sample of Jfsia serum i 1 >0402. 


' Mean 0> 657 c.o. 


100 gm. of JfaiaMnim oonWni^|§|gg^§^jgm. of potMdom 

•> 0*0382 gm. of potassiom. 


The Bffeat of Potaeeiuin and other lone on the Injury and Jetion PotentiaU. 

Method. —^For the physiologioal experiments nerves from the walking legs 
of Urge specimens of Maia equinado, which won taken from the Plymouth 
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storage tanks and were neither ^bout to moult nor had just moulted, were 
dissected oarefully in the manner described by Levin (1927), but no attempt 
was made to free them completely from connective tissue as this would have 
involved the risk of injury. The nerve was tied at the ends and suspended in 
aerated sea water for about an hour to prevent the reversible inexcitability 
described by Furusawa (1929); it was then mounted in a paraffin wax chamber 
on the floor of which was sea water to ensure against drying, the peripheral 
end was crushed and the chamber closed by a gloss cover sealed on with 
plasticene. Oxygen was passed first through a wash l>ottle containing sea 
water, and then through the nerve chamber at the rate of about ^ c.o. per second. 

The monophasic action current was led off by two strips of Alter paper soaked 
in sea water to small reservoirs of sea water into which dipped the capillary 
tubes from calomel half cells, which had also been made up with sea water; 
from these it went through a variable shunt to a moving coil galvanometer. 
For the first few weeks a Cambridge A and M (short suspension) instrument of 
450 ohms resistance and period 7 seconds was used, but a shunt of 2500 ohms 
in addition to the nerve and calomel electrodes was necessary for critical 
damping, with the result that a good deal of sensitivity was lost. For the 
greater part of the time a special Cambridge A and M instrument, critically 
damped, of 1000 ohms resistance, period 3*8 second, and sensitivity 1 mm. = 
4*10'^® amp. at 3 metres, was cmployetl. 

The spot was always perfectly steady and its position could be read to 
0 ' i mm. The temperature in the cellar rarely rose above 17° C. in the summer 
and in winter this temperature was maintained within ± 0*5® C. by switching 
on and off an electric radiator. 

In the nerve chamber were two pairs of silver-wire electrodes so that the place 
of application of the stimulus could be varied when it was desired to avoid 
the local fatigue described by l^evin (1927). Between these electrodes and the 
action current leads was placed an additional silver-wire electrode, connected 
to earth to obviate leakage of the stimulating current into the galvanometer 
circuit. 

In the preliminary experiments stimuli were obtained from a Harvard coil 
with the secondary fixed at 9, 2 volts in the primary, and frequenoi^ varying 
from 20 make and break to 70 make and break shocks per second were achieved 
by loading the hammer of the interruptor with plasticene. However, as 
Levin (1927) pointed out, the make shocks ore almost ineffective but the break 
shocks ore probably supra-maximal, and Furusawa’s (1929, p. 332) example 
confirms that it is impossible to increase these stimuli owing to the ease with 
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which local fatigue is produced. The unsuitabilitj of such stimuli is further 
emphasised bj the work of Beresioa and Feng (192^3) on the heat production 
of ifotd nerve ; consequently, it was decided to employ repetitive condenser 
stimulation with their value of "" optinuti stimulus.” Using a shunt of 1500 
ohms and a series resistance of 3000 ohms to render the condenser (0-96 pF) 
discharge time approximately independent of the resistance of the nerve> 
just maximal stimuli were provided by a rotating commutator; usually a 
firequency of 49 per second was used and the condensers were charged to a 
potential of 14-18 volts. 

Previous to mounting the nerve, fresh filter paper strips, each 36 mm. by 
7 mm., soaked in sea water and drained of all surplus fluid were placed in 
position and another strip placed across them to complete the circuit; any 
small e.m.f. between the calomel half cells was measured, its direction noted 
and the correction applied to subsequent readings. The nerve was mounted 
and during the first few minutes after the crushing of the end the galvanometer 
deflection rose to a maximum, then declined at a decreasing rate ; the maximum 
value was taken to be the injury potential of the nerve. Aftt^r the spot of 
light had become fairly steady, or was falling at a constant speed, a short 
circuiting key was opened and an e.m.f. from a Pye rotary potimtial divider 
in series with the nerve, fig. 1, was adjusted to bring the spot to zero and then 
the deflection produced by a known change in e.m.f. was observed. The short 
circuiting key was closed and the deflection dun to the nerve was again read ; 
if it hod changed only slightly an allowance was made, but if the change was 
large the nieasun^ment was repeated later when the drift of the galvanometer 
spot had become smaller. From the sensitivity determined in this way the 
injury potential corresponding to the maximum deflection was calculated. The 
method, just described, of measuring the injury potential was used because 
immediately after the injury hod been made the galvanometer spot was moving 
too rapidly to permit measurements to be made by the ordinary compensation 
method. 

For each measurement the galvanometer was suitably shunted to reduce 
the deflection to 160-200 mm. and readings could bo made to 0*1 mm., whilst 
e.m.f. applied from the Pye rotary potential divider could be adjusted to 1 
in 10,000, The resultant possible accuracy of a single determination was 
therefore about ± 1 in 1000 or ± 0-03 millivolt, but this was never needed 
since even in successive measurements on the same nerve such a consistency 
was never approached, because various factors which are discussed later com¬ 
bined to limit the reproducibility to ± 5% of the initial injury potential. 
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Usu^y the nerve waa given a S-aeoond test tetanus shortly after the deflection 
due to the injury potential had passed through its maximnjn, another about 
10 minutes later, a third tetanus after the sensitivity had been determined 
by inlxoducing a known into the circuit, and further tctani were given 
at intervals of 10 minutes or more if required. Most of the measurements of 
action current and injury potential were made with the same shunt in the 
galvanometer circuit, but if it was desired to make the deflection due to the 



FlO. 1.—G, galyanoineter; S, varisblo shunt; R, fixed lesistanoe, 1000 ohms ; P, rotaiy 
potential divider,, total resistanoe 28 ohms; C, oalomel half oells; N, nerve, onisfaed 
part shaded. 

action current larger the injury potential was partly balanced by an e.nLf, 
from ihe I^e rotary divider and then the shunt was reduced: in this way 
deflections as great as 200 mm. were obtained for the response to a 3-second 
tetanus, frequency 49 per second. 

The first series of experiments was made with “ sea water ’* rich in potassium 
or oaldom or in both potassium and oakuum. Solutions of potaasium chloride 
and calcium chloride calculated to be isotonic with Plymouth “ outside sea 
water” (hereinafter called sea water) were prepared with ohemioals of 
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** analytioal reagent " quality and distilled water, which was known to contain 
the heavy metals, copper and tin, in smaller amoiints than does sea water 
(Atkins, 1932, 1933, a, 6), and the required volumes were added to sea water. 
The ps of those enriched sea waters was found to be that of ordinary sea water 
8-1-8 <2 when dotenninations were made with brom-thymol blue (Atkins, 
1922), the salt error being eliminated by the use of McClendon’s (1917) borax 
boric acid buffer standards made up with salt solution. 

Owing to the fact that the addition of isotonic potassium chloride solution 
altered the concentration of the other ions, besides sodium, in sea water the 
experiments were repeated and chocked with artificial sea waters in wliich the 
potassium, calcium, and magnesium concentrations wore varied independently 
or in combination with one another. Simultaneously a corresponding adjust¬ 
ment was mode in the sodium chloride content so that the solutions w'cre 
always as nearly os possible isotonic with 3*30% sodium chloride solution, 
which is known to be isotonic with sea wat^T, and since Maia has no power to 
regulate its osmotic pressure and comes into equilibrium with its environment 
(Margaria, 1931) it follows that they were also isotonic with Maia's blood and 
nerve. The solutions were jirepared by dissolving the required amounts 
(calculated from Clark, 1924; Harvey, 1928) of sodium chloride, sodium 
bromide, sodium carbonate, sodium bicarbonate, potassium chloride, magnesium 
chloride, and calcium chloride, all of analytical reagent ” quality in distilled 
water. The carbonate and bicarbonate contents of the solutions were always 
kept the same in order that they should all have the same pu and alkali reserve. 
After they hod been brought into equilibrium with atmospheric air at 17° G. 
by vigorous aeration the p^ values were found to lie between 8*1 and 8*2. 

In order to investigate the action of other cations which do not occur in any 
considerable quantity in sea water isotonic solutions of lithium chloride, 
rubidium chloride, caesium chloride, and ammonium chloride, were mode up 
with substances of " analytical reagent quality, in distilled water and used 
to prepare “ sea waters ” rich in these ions. When it was desired to investigate 
the physiologioal antagonism existing between the alkali metal ions lithium, 
rubidium, and caesium on the one hand, and calcium ions on the other, known 
quantities of isotonio calcium chloride solution were also added. All the 
BolutionB had the same Pq as untreated sea water. 

In order to be certain that the results which had been obtained with the 
enriched “ sea waters ” were independent of the presence of the potassium, 
which occurs in ordinary sea water, a second series of artificial sea waters 
-containing varying amounts of lithium, rubidium, or osesium, but no potassium, 
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was prepared. Theae solutions were also isotonic with 3 - 30% sodium chloride 
Bohitioni and had a of 8* 1-8*2 when in equilibrium with atmospheric air. 

For nerve asphyxiation experiments cylinder nitrogen was freed from oxygen 
by passage through two wash bottles filled with alkaline hydrosulphite solution 
(Kautsky and Thiele, 1926), through a wash bottle containing 40% caustic 
potash solution, and then through a bubbler of sea water; this last being to 
ensure that the nerve vms not dried. 

Ths Injury Potential of “ Normal ” Nerve. 

Soon after experiments at Fl}rmouth had been begun it was noted that the 
injury potentials observed were greater than those recorded by Levin (1927) 
and by Furusawa (1929) although all the measurements were made by very 
similar methods. Levin reported injury potentials of 10-13 millivolts in 
Maia nerve, and Furusawa reported values usually ranging from 2*5 to 13 
millivolts and a highest value of 27*3 miUivolts with nerves, not dissected, 
but prepared by the “ pulling out *' technique which he described. In the 
experiments recorded here the most usual value of tlic injury potential of a 
nerve, which had been dissected by Levin’s method with the precautions 
already nieatjonc<l and allowed to rest in aerated sea water for an hour, was 
about 30 millivolts although values ranging from 10 to 35 millivolts were 
observed and on one occasion a value of 42-1 millivolts was obtained. As the 
injury potentials were larger than those previously reported it was thought 
advisable to investigate the factors governing their magnitude and repro¬ 
ducibility. Moreover, it was desired to know how long the potential would 
remain constant and how well Maia nerve would stand removal from the wax 
chamber, washing and re-mounting, when tliese operations were repeated 
three or four times. 

The infiuenco of the method of preparation was one of the factors first 
investigated. It was found that different nerves taken from one crab and 
prepared by Levin’s method, gave injury potentials which were the same within 
the experimental error and this fact has been regarded as justifying the experi¬ 
ments following. Foot nerves, which were prepared by Furusawa’s (1929) 
method (without washing in sea water) from four different crabs gave injury 
potentials of 5-9 millivolts, but variations of 2-3 millivolts were observed 
when the filter paper electrode making contact with the uninjured part of 
the nerve was moved along the trunk, care being taken not to disturb the 
injured end. Four other nerves, which were taken from the same four crabs 
and prepared by Levin’s method, gave injury potentials of about 30 millivolts, 
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and whea the deoteode makitig oontaot with the nninjaxed part of the trunk 
was moved the vaiiations were usually of the order of 1 millivolt, although 
oooasionally they were as large as 2 millivolta. Table IV. From these experi- 
mnxts it is oonoluded that Furosawa’s metiiod usually gives low injuiy potentials, 
probably because many of the fibres near the sui&oe of the bundle are injured; 
this view is supported to some extent by the obaervation of potential differences, 
which formed a fairly large fraotiim of the whole injury potential, between 
vanous points of the nerve trunk. Preparation by Levin's method with the 

Table IV.—^Four determinations wore made with each nerve, and allowance 
was made for the apparent decrease of the injury potential with time. 
The distances between the leading off electrodes are indicated in the 
diagram. 



n- - 

■■ • hO mm. ■ --^ 

^ An MM __^ 



1 4- 19 mm. -p- 


i 

I s 2-r 



Noire prepued by FaruMwe's metbedU 

Nerve prepared by lierin'i metiuid. 

Otmb. 

E.m.f. in mlllivolto between eleotrodeB: 

K.m.f. In millivolU between eleotrodeB t 


1 and 2. 

lands. 

1 and 4. 

lands. 




land 5. 

K 

5<i 

6-9 

6-2 

5-2 

27-6 

26-4 

BSI 

PH 

K 

6*3 

fi-7 

4-6 

7-8 I 

28-6 

28-4 


BSSfl 

Q 

6*0 

7-8 

8-4 

9-1 

32-1 

31-4 



B 

7-e 

8-2 

8-4 


33-0 

33-1 

81-7 

m 


pnoautioos already described seemed to be preferable although the trunk WM 
not obtained wholly free from small injuries which had some influence on the 
reptoducihility of the injury potential if between suooeasive determinationa 
it was neoessary to disturb the uninjured part of the nerve lying on the leading 
off eleotxode. 

. The next important factor was found to be the sharpness of the boundary 
between the injured and uninjured portions of the nerve. There aie really 
two variiddea inv<flved and to a limited extent they ate mutually dependant 
upon one another; the firet ii the ehatpneaa of the initial demarcation and the 
asaond ii tiw dhanga in tlid demaioati<m with time. 
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Witb lespeot to the first of the Tariables it was foimd that the ptooedute 
whioh gave the highest injury potential was to make a block by omahing 
trsnsversely 'with sniftll forceps at a point about 2 mm. from the distal leading 
off electrode, and then to crush completely the peripheral part of the nerve 
beyond ^ initial injury. If, however, a ligature 'was tied midway between 
the galvanometer electrodes and then the peripheral part of the nerve beyond 
the block was crashed, the injury potential observed was only 80% or less 
of that obtained by the former method. It seems very probable that the 
lower value given by the latter procedure was due to a failure to make proper 
contact with the inside solution. A few attempts were made to dry the 
outside surCooe of the nerve, by blotting with filter paper, in the hope that there 
would be less short circuiting and that a higher injury potential would be 
attained ; but they were not successful because if, on the one hand, the filter 
paper was only applied lightly the sea water was not removed completely from 
between the bundles, if, on the other hand, it was applied more firmly the 
nerve stuck to it and some fibres were damaged. In order to reduce the 
uncertainties just discussed to a minimum and to obtain the maximum injury 
potential a standard procedure of simply draining the nerve as free as possible 
from surplus fluid and then crushing exactly in the manner first described above 
was adopted. As an additional precaution against dead tissue at the peripheral 
end of the nerve becoming permeated with sea water and affecting the injury 
potential the last 6 mm. were cut off each time immediately before the mounting. 

Experiments similar to those just recorded have since been made with 
frog’s nerve and the effects observed were greater. The injury potential of 
a nerve whioh had been ligatured between the leading off electrodes and had 
its end crushed was only about 60% of that given by a nerve which had merely 
had its end crushed with forceps. 

The operation of the second variable was observed by Levin (1927), but 
nmther he nor Furusawa seems to have realized exactly what was happening. 
Both of these investigators noted that the gal'vanometer deflection rose and 
passed through a maximum within a short time of the crushing of the end of 
tiie nerve, and then it fell at a steady or decreasing rate. They assumed that 
the decline in the deflection 'was due to a diminution in the injury potential, 
whereas it is really a “ crush sealing over ” effect aimilar in some respects to 
that obssirved on frog’s nerve by Gkratd (1930). This was shown in the follow* 
iag way: the fall of the galvanometer deflection was observed for half an hour 
OK more after the initial value of the injury potential had been determined and 
thn if a fresh omsh was made, with a small pair of fiDitoeps» to restore the 
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ahaipness of the boundaiy between the injured and uninjured parfcSj oare 
being taken not to disturb the uninjured nerve lying on the other galvanometer 
deotrode, the deflection rose again and a second value of injury potential 
which was usually within ± 5% of the first was obtained. However, if the 
second mrush was merely made within the region whioh had been previously 
injured there was no increase in the galvanometer deflection. 

In a nerve, which had been dissected by Levin’s method and soaked for an 
hour in aerated sea water, when suspended in moist oxygen and ro-moonted 
on &esh pieces of filter paper at half-hourly intervals the injury potential 
was reproducible to within ± 5% of its value, provided that a frosh crush 
was made each time and the precautions detailed were observed. At 17*^ G., 
under the conditions just specified, and when stimulation was limited to 
occasional test tetani of 3 seconds duration this reproducibility of injury 
potential persisted for 2-3 hours, but at the end of about 8 hours there was a 
drop of 20-^30% corresponding to a steady decline of about 3% per hour. 
If, in view of Furusawa’s work (1929) on the oxidative nature of the injury 
potential of ^ata nerve, we uasume that the potential is exactly paralleled 
by the oxygen consumption (see also Lund on the potential across frog’s akin, 
1928) then such a figure for the rate of decline of the injury potential is not 
unreasonable. Chang (1931) has found that the oxygen consumption of the 
leg nerves of Homarus americanus falls at about 10% per hour for the first 
4 hours at 24° C.. and if wo take to bo 2*5 the rate of fall at 17° C. would be 
4*2% per hour. 

Transference to aerated soa water between successive determinations had 
no effect on the nerve when the mounting process was not repeated more than 
<moe in about 20 minutes: if it was done more frequently the attendant 
handling and crushing caused a partial depolarization,” and low values of 
injury potential were obtained. 

There was no sign of any seasonal variation in the injury potential of Maia 
nerve; during the period mid-April to mid-December the usual value was 
30 millivolts. Another possibility, that captivity in the Plymouth storage 
tanks might have had some influence, was negatived by keeping eight 
marked crabs (4 male and 4 female) in the tanks from the middle of April to 
the end of May-^ longer period than that for which the specimens used in the 
experiments described here were kept. Periodically a leg was removed and 
the nerve was disseoted out: there was no sign of any progressive change in 
the injury potential; with nerves from the same crab, a variation greater 
thmn ordinary experimental enor was never observed. 

B 2 
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The Action of Patauium Rich and Potasnum Defieient Sdlutions on the 
Injitrj/ Potential and Action Current. 

Method .—The action current, the retention of action cnrrent and the 
depolaruation of crab’s nerve have been studied in some detail bj Levin 
(1927) and bj Fumsawa (1929). Both observers used rapid Downing galvano¬ 
meters which were more suitable for the purpose than the slower instruments 
employed in these experiments, in which the main concern was the injury 
potential and the action current was used only as an indication of the physio¬ 
logical condition of the nerve. 

After its action cunent had been tested and its injury potential determined, 
a normal nerve was transferred to a solution of known composition rich or 
defident in potassium ions for a definite short time, taken out, allowed to 
drain and the end which had been crushed for the previous determination 
together with an additional B mm. out off; the nerve was then re-mounted in 
the chamber and a fresh crush made. The action current was again tested 
and the injury potential measured: afterwards additional test stimuli were 
given at intervals if it was desired to follow the change in tiie action current 
response with time. When these observations were finished the nerve was 
put into aerated sea water to wash out the adhering salt solution. Subsequently 
it was remounted, tiie action current and injury potential tested as before, 
and if they had not been restored to values close to the original ones the washing 
and testing process was repeated a second or even a third time. 

Assulto.—The action of potassium chloride rich solutions was twofold, 
affecting the injxiry potential and the action current simultaneously. When 
the potassinm ion concentration was increased the action current decreased 
uid then vanished, whilst the injury potential also decreased; with a further 
increase in the potassium ion concentration the injury potential also vanished. 
The potassium rich solutions exercised both of their effects folly in leas than a 
Bunnte (about 66 seconds) which was the minimum time required to immerse 
the nerve for 16 seconds, drain, mount it with all the necessary precautions and 
make tf^lfteding. Moreover, whether the nerve had been soaked in the potas¬ 
sium rich sedution for 2 hours or merely for a few seconds the effects were 
completely reversible. The injury potential could be restoed by vigorous 
agitation for about half a minute in sea water, but the action current was not 
always lestored'^so quickly, espeoully if the nerve had been in tiie depressed 
State for some time, or in sdutions containing large amounts of potassium: 
f^j^thex washing was then neoeasaxy for complete lecoveiy. 
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Conduetion and the Atiion Current. 

A nerve which had been immeised in sea water to which had been added 
iaotonio potaasinm chloride solution, so that the total potassium ion oon- 
oentration was about five times that in ordinary sea water or that in ifata 
blood, exhibited no action current on stimulation and the injury potential 
was depressed by about 16 millivolts. However, the minimum concentration 
of potassium ions did not seem to be very critical and differed somewhat 
with nerves from different crabs, hence the value quoted above is a mean 
obtained &om about a dozen experiments in which the extreme values observed 
were 3*8 and 6*0 times the concentration of potassium present in ordinary 
sea water. This inoxcitability was easily reversible. Provided that the nerves 
had not been in the depressed state for more than about an hour, washing for 
about 30 minutes restored completely the action current, no further increase— 
often a decrease—being observed with more prolonged washing. 

The first series of experiments was done in May and a second series in Septem¬ 
ber gave the same mean value for the potassium ion concentration required to 
abolish the action curront, therefore it is unlikely that there was any marked 
seasonal variation in the susceptibility of nerves which had been soaked for 
an hour in sea water especially as they had been selected from animals which 
were neither about to moult nor had recently moulted. In the September 
experiments which were done to confirm the earlier ones, since it was desired 
only to know that no irreversible change had taken place the nerves were 
simply washed for an hour in aerated sea water and then tested. 

Some experiments were also done to see whether the usual physiological 
antagonism between potassium and calcium could be demonstrated with 
crab’s nerve. First, the effect of calcium enriched sea water was investigated. 
Bven when a nerve had been immersed for 16 minutes in 90% of isotonic 
calcium chloride solution and 10% of sea water, so far as could be told by 
observations of the galvanometer deflections during the next hour, the action 
current was unaltered both in size and form. Then, in experiments performed 
with sea waters enriched with both potassium and calcium simultaneously it 
was found that those containing five times the usual amount of potassium and 
an eqoimoleoular concentration of calcium did not produce inexoitability 
although they reduced the action current to less than one-half of its initial value, 
(To save qme the resuHs of these experiments ore not tabulated; instead 
the resulta of some umilar experiments with artificial sea waters enriched with 
potassium and calcium chlorides given in Thble VI may be taken as repre¬ 
sentative.) The effect was tiie same whether the nerve was immersed in tibe 
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■ohition for a minute or for IB minutes, but other solntionB oontaming 
the same conoentration of potassium and a smaller one of calcium the influence 
of the duration of immersion became more marked. An attempt was made 
to relate the redaction in the action oorrent with the immersion time using 
certain fixed potassium calcium ratios but this was unsuccess^ because in 
the same solution nerves from diflerent crabs succumbed in very different 
times. The effect of calcium in fortifying the nerve against inexoitability 
was found to be reversible; if a nerve which had been treated with a calcium 
rich sea water, or a sea water containing both added potassium and calcium, 
was washed for a few minutes in sea water and then immersed in a potassium 
rich solution it suooumbed just as quickly as one which had had no previous 
treatment other than soaking in sea water. 

In order to test whether the dilution of the other major constituents of the 
sea water by the addition of the isotonic potassium chloride and calcium 
chloride solutionB, and whether the presence of the minor constituents (Harvey, 
1928; Clarke, 1924) had anything to do with the effects observed the experi¬ 
ments described above were repeated using artificial sea waters rich in potassium 
or calcium or in both of these ions together. The results were in close agree¬ 
ment with those obtained already, therefore they will not be discussed. 

In a further experiment with an artificial sea water which was intended to 
be as free of potassium os possible, and which was found by analysis to contain 
leas than 1 y of potassium per cubic centimetre the action currents in response 
to 3 second tetani were slightly larger than normal. However, since the 
increase was only from 6 to 8% this observation requires further confirmation, 
but it seems of interest in showing that a nerve can give normal or nearly 
normal responses even when potassium is present in very small amounts in 
the surrounding medium. 

Lest the potassium chloride treated nerves might have been more sosoeptible 
to the handling and le^srushing than nonnal nerves the results of the experi- 
xnents so far described were checked and separated ficom the injury potential 
effect by the use of a different technique. The method was to mount an 
untreated nerve, crash its end in the usual way, and observe the action current 
responses to two or three test tetani applied at the pair of electrodes nearer 
to the galvanometer and spaced sufficiently to allow of complete recovery in 
the intervals between them. The responees to two or three teet tetani applied 
at the electrodes at the centiad end were also observed. Then potassioin 
ohknide enriched sea water waa dropped on to the middle third of the length 
of MTve which waa suq>eind6d between tiie two seta of atimolating eleotrodea. 
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After a short interval another test tetanus was given at the central pair of 
electrodes and further tetani were given at intervals. test tetani 

were given at the peripheral stimulating electrodes to see whether the nerve 
had deteriorated or the “ crush sealing over ” effect had become appreciable 
during the experiment. It was found that a solution containing five times 
the amount of potassium normally present in sea water produced a block 
between the two pairs of electrodes in leas than a minute and there was 
no transmitted effect on the injury potential, hence the result by this method 
was in good agreement with that obtained by the total immersion method. 

The Injury Poteniial. 

When a nerve had been rendered inexcitable by immersion in sea water to 
which had been added isotonic potassium chloride solution so as to make the 
potassium concentration five times its normal value the injury potential was 
reduced by about 15 millivolts. Higher potassium concentrations reduced 
the potential still further: after immersion in soa water containing 13 times 
the normal potassium concentration the injury potential was 8-^ millivolts, 
and after immersion in sea water containing 17 to 26 times the normal potassium 
concentration the injury potential vanished completely. Again, as with the 
abolition of the action current the potassium concentration required to abolish 
the injury potential was not critical and somewhat different amounts were 
needed even for nerves which had had approximately equal injury potentials 
initially. Presumably these differences wore duo to differences in the amount 
of short circuiting taking place in the tissues. 

Similar experiments with artificial sea waters rich in potassium chloride 
gave results in good agreement with those mentioned above, hence they will 
not be discussed further. Four other series of experiments with artificial 
sea waters are of interest. The first was with a sea water which was made up 
to contain no potassium. Nerves which had been immersed in this solution 
gave injury potentials which were in the neighbourhood of 40 millivolts instead 
of the usual 30 millivolts. When they had been washed for less than 3 minutes 
in ordinary sea water they again exhibited normal injury potentials, Table V. 
The second and third series of experiments were done with artificial sea waters 
in which the potassium concentration was maintained cozistont at the normal 
value, whilst in one the calcium and in the other the magnesium concentration 
was varied. Neither oalcium nor magnesium was found to have any effect 
in an hour on the injury potential within the experimental error of determinap 
tioiL The fourth series was made with several different oonofflitrations of 
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potMaium And caknum beoauae it vat thought possible tiiat sinoe the oakium 
WM capable of preyeatmg the onset of revenible inexoitabilily it might do so 
by preventing the potassiiun from depressing the injury potential. However, 

Table Y.—^The Effect of Potassium Deficient Artificial Sea Water on the 


Injury PotentiaL 


1 

Dots. 

Injury potential 
of nerve after 
an hoar ID 
aerated eea water, 
mv. 

1 

JOnntioii of 
immeiaion in 

K do6c2eat 

■ea water, 

iniut. 

Injury potential 
after ImmerBioD, 
mv. 

Injury potential 
after wMhlng 
2-^ minntm 
in nomul 
tea water, mv. 

21.6.82 

31-7 

13 

36 0 

32-1 

21.6.32 

33*7 

6 

42*4 

32-1 

22.6.32 

27*2 

6 

364 

2S-0 

22.6.32 

22*2 

20 

27*0 

23-3 


the results were negative, a depression of the injury potential being observed 
although the action current was not abolished, Table VI. 

Table VI.—The Effects of Artificial Sea Waters Enriched with Potassium 

and Calcium Chlorides. 


Date. 

1 

Normal nerve after 
an hour’s eoaking 

In aerated lea water. 

Nerve after inunenion in K* and Ca* ‘ enriobed 
artifloial eea water. 

Injury 

potential, 

mv. 

Action 
ourrent 
deflection, 1 

mm. 

A*. 

Duration 

of 

immenlon, 

mins. 

Injury 

potential, 

mv. 

Action 

ourrent 

deflection, 

mm. 

9.0.82 

■8 

15 

8K* -f5Ca- 

121 

6-6 

3 

1.9.32 


32 

4-8K* +6-8Ca-- 

11 

18-8 

8 

7.9.82 

KSI 

36 

4-8K* +5-8Ca*- 

6 

12 0 

16 



98 1 

4-8K* +68C»" 

6*5 

18-6 

13 

8.9.82 

85-e 


4'8K- +«-8C»" 

2 

21-7 

22 

10.9.82 

36-6 


4-8K- +5-8C’* 

16 

21-7 

4 

12.9.82 

27-2 


4-8K- +6C»” 

16 

16-0 

7 

18.9.32 

28-4 

20 

4-8K’ +5C.** 

6 

10-1 

16 


A*—PotftMiom and oaldom oonoentntioxii given m moltiple* of the oeual ooncentrations 
la PtyiiKnith ms water. 


An attempt was made to show in Maia nerve, as Macdonald (1902) showed 
in mednllated nerve, a linear relation between the logarithm of the 
potassium oonoentiation in the external medium and the injury potential, 
but it was not very suocessful because the reduced injury potentials obtained 
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after tareatment with potaanam chloride rich Bolntions were relatively less 
feprodncible than the larger ones of untreated neive. A possible reason is 
that as the sodium chloride content of the solutions was decreased and the 
potassium chloride content was increased the electrical conductivity 
also increased and the short circuiting due to fluid retained between the fibres 
would become more important as the injury potential diminished. However^ 
from the results given it sooms that with crab’s nerve there is no very serious 
departure from the logarithmic relation, fig. 2, over the concentration range 



Vn. 2.—^Tha relation between the potassiam ohloride oonoentrstion in the solation sor- 
Eounding the nerve and the injury potentiaL The potsssiuiu oonoentratkai ocourring 
in sea water (0*0388 gm. per 100 gm.) his been taken as unity and the concentrations 
in the other eolations have been exproesed as multiplee of this. 

of 1-30 times the amount of potassium present in normal sea water. In a 
few experiments with nerves which had been immersed in a solution con¬ 
taining 80% of isotonic potassium chloride and 20% of sea water the 
“ injury potential ” remained aero, and potentials in the opposite sense 
were not obtained. 

Some experiments were performed with sea water made hypertonic with 
added sodium chloride, of ** analytical reagent quality, in order to partly 
d^ydrate the nerve and thus increase the effective potassium conoentratton 
within the fibres. Preliminary experiments showed Maia nerve very sensitive 
to oamotio ohangea and that immersion in sea water which had hod its oemotio 






S. L. Oowan, 


2tQ 

presfore increitBed by about 26% produced the maximum dehydration that 
it would stand without km of the action current. A nerve which had been so 
treated gave on injury potential which was 6-10% higher than that which it 
had given previously after immersion in ordinary sea water. After a second 
washing in ordinary sea water the injury potential fell to approximately its 
former value, Table VII. 


Table VII.—^The Effect of Dehydration by Hypertonic Sea Water on the 


Injury Potential. 


D&t«. 

Injury potential 
of nerve after 
an hour in 
aerated sea water, 
mv. 

BumtioD of 
immenlon in 
hypertonic 
•ea water, 
mins. 

Injury potential 
after Immenion. 
mv. 

Injury potential 
after hair an hour'a 
waahiiig in 
aerated sea water, 
mv. 

2S.6.32 

278 

5 

304 

25-9 

26.6.32 

36-e 

6 

400 

37-2 


19*7 

4 

216 

20-4 


27*4 

6 

28'6 

26-8 


It most be emphasized that all the experiments described above apply 
only to nerves in a completely resting condition. The two other factors 
affecting the injury potential—stimulation and asphyxia—ore discussed in 
later sections of this paper. 

The Reversible IfiemtabitUy of Freshly Dissected Nerve, 

The action of solutions rich in potassium ions is of interest in connection 
with Pumsawa’s (1929) observation of the reversible inexcitability whioh 
oocuTB in freshly dissected nerve. Often he found that Ifaia nerves when 
tested immediately after preparation by his pulling out method gave no 
action currents. Washing for a few minutes in sea water removed the in¬ 
excitability and prohibited its reappearance. At the beginning of the present 
work these facts were confirmed and it was noted that this inexoitability 
usually appeared in nerves prepared by Furusawa’s method. On the other 
band, it oocuited in about 50% of tbe nerves prepared by Levin's method» 
whilst the other 60% gave small action onirents which gradually disappeared, 
but could be brought back and iniareased by washing with sea water. The 
work of D^iie and Horton (1929) and of Horton (1930) on the inexoitability 
produced by potassium ious in frog muscle suggested that potaasium might be 
responsible here also, and led to ihe adoption of the routine of suspending the 
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nerve in a large volnme of aerated sea water for about an hour. This time 
was found to be sufficient for complete recovery from the effects of diaaeotion^ 
and inexoitability was not observed to return within the time required for an 
experiment. 

The fact that Furusawa’a method was found more prone to yield inexcitable 
nerves suggested that the phenomenon might be associated with damage to 
the fibres at the surface of the trunk. It was soon found that potassium salts 
did leak out, or were present on the sur&ces of nerve trunks, even when they 
had been prepared by Levin’s method, for if a small volume of sea water» 
protected against evaporation, was used for washing a number of such nerves 
in succession it became less and loss effective in restoring excitability and 
finally failed to do so. Initially 2 cx. of sea water were taken and by the time 
that 16-20 nerves had been washed in it for 0 minutes each the volume had 
decreased to nearly one-half, as no attempt was made to remove all the surplus 
fluid adhering to the nerves for fear of injuring them, and the solution had 
lost its power of restoring excitability or it would render a normally excitable 
nerve inexcitable. Chemical analysis of a 1 c.c. sample of this residual solution, 
by the method described in the section on Afa^ blood and nerve, showed that 
the potassium concentration had increased fivefold (two results). As a control 
operation a similar number of nerves was given a preliminary soaking in a 
large volume of aerated sea water and then immersed for 5 minutes in a sample 
of sea water which occupied a volume of 2 c.c. initially. At the end of the 
process this sea water would restore the action current in a freshly dissected 
nerve and the potassium content had increased by less than 10%. 

The above experiments considered in conjunction with those on the re¬ 
versible inexcitability produced by potassium rich solutions suggest strongly 
that the inexoitability of fireshly dissected nerve is due to the presence of 
potassium salts between the fibres. Probably most of the potassium comes 
from small unavoidable injuries inflicted on the nerve or on the adjacent 
muscle fibres during the dissection, although as is shown later some potassium 
salts may leak out from the nerve as a result of stimulation which may cause 
■uoh a thing to happen if carried to the point of fatigue. But whatever the 
cause the leakage does not continue for very long, because as shown above the 
amount of potassium which escaped from 15-20 nerves which had been soaked 
for an hour previously in aerated sea water was very small (see also the section 
on potassium leakage); moreover, once excitability had been restored by 
thorough washing it was retained for at least 3 hours: in fact, nearly always 
it retained after a nerve had been asphyxiated and allowed to recover. 
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Fnrasawa (1929) also noted that daring the qning and again in Angnat and 
September nerrea were more liable to exhibit inezoitability than at other 
aeaeons. In the experimenta described here oare was takmi not to me ataba 
which had obviously just moalted and no vernal inoteaae in suaoeptibility 
was observed nor was there any change in the potassium content as evinced 
by the injury potential; but daring the first week in October, owing to a 
temporary shortage of material, a few specimens of Maia which seemed to 
have moulted that season were used. Although they gave normal injury 
potentials nerves ^m these crabs seemed to become inexoitable more teadity 
than usual, but no special observations were made to test this impression. 
If Furusawa sometimes employed nerves from recently moalted crabs then 
this increased susceptibility may be explained on the basis of the following 
observations. Paul and Sharpe (1916) noted that in Cancer pagttnu just 
before the moult there was a decrease in the blood volume and after the moult 
this was followed by an increase which might be as much as tenfold in the 
next 10 days. They found that during the whole process the blood calcium 
remained constant at about 60 mg. per 100 o.o. and that the calcium which 
had boon present in the hepato-pancreas before the moult disappeared. They 
suggested that the hopato-panoreas serves as a storage organ and that calcium 
is taken up or liberated os required. Pantin (1931, a and b; Pantin and 
Weil, 1931) in his studies on Ounda viva has shown that this worm can with* 
stand large changes in the salinity of its environment and can regulate its 
osmotic pressure to some extent only provided that suifioient calcium is 
present. From the experiments of Hukuda (1932) it may be gathered that 
Cancer pagvrut has some power to regulate its osmotic pressure; this may be 
connected with the constant level of blood calcium which it exhibits. As 
Maigaria (1931) has shown, Maia is very different; this animal has no power 
to regulate its osmotic pressure and simply comes into equilibrium with its 
environment. If we bear in mind also the experiments on the inexcitability 
produced in Maia nerve by potassium rich solutions and its prevention by 
calcium ions it seems possible that in Maia blood there is some disturbance 
in the potassium calcium ratio at the time of moulting—the liver may foil to 
supply BufiSoient oaknum just after the moult. 

The Effects of AuWdtwm, Catium, LtiMmUt and Ammonium on the Action 
Current and Injury Potential. 

Sinoe mbidium and osssium imis resemble potassium ions in many ptopertiss 
and all three ions have nearly the same mobility in aqueous sohitioQ it was 
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thought interoBting to tty their aotioiiB on Maia nerve; also the action of 
lithium ionB. 

Sea water enriched by the addition of isotonic rubidium chloride solution 
rendered a nerve inexcitable in less than a minute when the molar concentration 
of rubidium chloride was eight to nine times the molar oonoentration of 
potassium in sea water. This inezoitability was found to be reversible, like 
that produced by potassiums and the nerve could be restored completely by 
washing in aerated sea water. 

Sea water enriched with ceesium chloride solution also produced reversible 
inezcitability, but a molar concentration of about 13 times the molar concen¬ 
tration of potassium in sea water was required. 

In nerves rendered inexcitable by rubidium or cmiom chloride nearly 
atwuys after 15-20 minutes there was some depression of the injury potential, 
but since it was about 4 millivolts, an amount not much greater than the 
difierences between successive detemunations of the whole potential, it was 
impossible to measure it accurately, Table VIII. 


Table VIII. 


Dste. 

Kerve after an hour 
in aerated sea water. 

1 

Nerve alter 3 ninutea in 
sea water with added 
rubidium chloride 
(0-09 N). 

Nerve after recovery 
in aerated sea water. 

Injury 

potential, 

IDT. 

Aetlon j 
canent , 
deSeoUon, , 
mm. j 

Injury 

potential, 

mv. 

Action 

oumnt 

deSecUon, 

mnu 

Injuiy 

potentud, 

mv. 

Action 

oarrent 

deSectiem, 

8.8.8S 

30*4 

23 

28>3 

0 

30-3 

10 


83-2 

34 

20-8 

3 

31-8 

30 

0.8.to 

200 

13 

14-8 

0 

170 

10-6 




Sea water ^ 

irith added 






owaium chloride 






(0-13 N). 



8.8.SS 

28*4 

30 

24-2 

3 

29-0 

23 

10.8.SS 

29-3 

27 

20-1 

1 

28-4 

20 


31-7 

42 

27-6 

5 

28-7 

34 


To diminate the effects of potassium, experiments were performed with 
artificial sea waters which were free from potassium but contained varying 
amounts of either rubidium or osesium chloride. It was found that 2-0 gm. 
mdeoules of rubidium diloride or 3*2 gin. molecules of oassium chloride were 
to effective as 1 gm, molecule of potassium chloride in aboliahing the action 
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oonent. The increase in the injnr 7 potential due to the potaBunm deficiency 
was greater than the depression caused by either rubidium or owsium iona 
These experiments and the earlier ones with potassium indicate that, within 
certain limits the injury potential of a nerve could be given an arbitrary value 
by immersion in a solution containing a suitable concentration of potassium 
chloride, and then the action current could be reduced as much as desired by 
the addition of rubidium chloride or csesium chloride. 

In some further experiments the effect of increasing the calcium chloride 
concentration in a rubidium chloride or csssium chloride sea water which would 
just abolish the action current was investigated. It was found that a calcium 
chloride concentration giving five times the usual calcium concentration in 
sea water would prevent in a fair degree the reversible inexcitability which 
would otherwise have been produced by the rubidium or csasiuin ions, Table 


IX. 

Table IX.—The Action Current deflections given by Nerves. 


Dato. 

After an hour in 
aerated aea water, 
nun. 

After 3 mlnutofl in a 
potatfium deftoieut 
artificial aea water 
OOSfiNinBbOland 

0 -050 M in CaCl|» mm. 

After waahinff in normal 
■ea water and 3 minutea* 
immereion in artificial 
aea water 0 *085 N 
in RbCl, mm. 

0.12.32 

52 

30 

2 


17 

15 

0 


87 

30 

4 



After immoraion in a 

After woahing in normal 



Bimilar artificial sea water 

aea water and 3 minutea* 



but 0 -114 N in RbCl 

immeralnn in ariiflolal 


1 

and 0 -05 M in OaCl|, 

sea water 0-114 N 



mm. 

in RbCI, mm. 

10.12.32 

50 

48 

7 


65 

53 

5 


36 

34 

2 


54 

40 

2 


The action of ammonium chloride was also tested. A concentration 
equivalent to five times the amount of potassium present in sea water usually 
produced inexcitability, but in two experiments out of six the effect was not 
reversible. Larger concentrations of ammonium chloride damaged the nerve 
irreversibly, abolishing both the action current and the injury potential. 
These toxic effects of ammonium ions are not very surprising, since at 8*1 
they could hardly be e^qpeoted to behave exactly like alkali metal ions. 

Potassium deficient artificial sea waters containing lithium chloride in 
oonoentratiDna up to 0-19 molar had no effect on the action oonent lesponae or 
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tha injury potential as determined by observationB made over a period of 
about an hour. 

The Leakage of Potasgiumfrom StimuJaled Nerve. 

Experimental .—^Nerves were stimulated in a small volume of sea water and 
samples withdrawn in order to determine by chemical analysis the rate at 
which potassium salts escaped from the tissue; at the same time control 
experiments were made (a) with unstimulated nerves immorsod in sea water, 
and (b) on the rate (if any) at which evaporation caused the potassium con¬ 
centration to increase in a sample of sea water without any nerves in it, but 
under the same conditions. This last experiment was done so os to enable the 
measurements to be expressed as absolute rates of leakage of potassium salts 
from stimulated and resting nerve. 

To avoid the inexcitability due to local fatigue it was thought better to 
have the stimulating electrodes situated at opposite ends of the nerve and to 
pass the stimulating current between them; also they were so arranged that 
the ends of the nerve made contact with them above the liquid surface, thus 
obviating leakage of the stimulating current tlirough the sea water. 

For these experiments a nerve chamber was made from a block of paraffin 
wax approximately 6 inches by 3 inches by 1 inch, to tho design shown in 
fig. 3. Three grooves each 100 mm. long, 10 mm. wide, and 9 mm. deep wore 
out parallel to the longer side. Through the wax walls into each of the outer 
grooves (A and C) were led two silver wires, one of which was placed about 
3 mm. from one end wall (1), and 7 mm. from the floor ; the other was placed 
4-6 mm. from the opposite end wall and 7 mm. from tho floor (2). A glass 
rod was fixed transversely across tho three grooves and above the (2) electrode. 

Four or five pairs of nerves were selected, each pair being taken from a 
ditEerent crab, dissected as quickly as possible, and suspended in a large volume 
of aerated sea water. The preparation took nearly an hour and the nerves 
were allowod to rest in the sea water until the one last dissected had been 
soaking for half an hour; during this time they were all out to the same length, 
about 11 cm., and where necessary fresh cottons were tied to the ends. Then a 
little sea water was placed in each of the outer grooves (A and C) of the chamber, 
one set of four or five nerves was taken and mounted in one of the grooves. 
The nerves were so arranged that they lay side by side on the floor, their 
ends were paseed beneath the silver wire electrodes without crossing, and they 
were seouied in position by embedding the attached cottons in plastioene 
plao^ on the end wall near the (1) electrode and on the glass rod above the 
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(2) clcctrodei fig. 8. Sitniluly the oompanioa nervee were moimted in the 
nnoooapied onter groove. A glass cover was then sealed on so as to close the 
chamber completely except for a small strip about 4 mm. wide tying beyond 
the electrodes and the glmw rod. The pnrpose of the cover was to reduce the 
evaporation correction as much as possible, the openings being left for the 
insertion of the tips of pipettes for the withdrawal of samples. 



Fw. 8.—The nerve ohamber need in the etimnUtion esperiments. A, B, poorm for 
nervee; (1), (8), silver wires. The dotted lines indioste the position of the glaas 
cove r . 

The ohamber was rooked gently in a direction parallel to its longer side 
about once in 3 seconds for approximately 10 minutes, then it was tilted so 
that the end bearing the glass rod became the lower and the sea water in which 
the nerves had been immersed was drained off and removed as oompletety as 
possible with a pipette. Into each of the grooves was pipetted 6 o.o. of fteeh 
sea water and the rooking was re-started; also, two 1 o.o. samples of the sea 
water were taken ftom the main supply. At the end of S minutes the rocking 
was stopped and a 1 o.o. sample was taken fitom each groove. The rooking 
was re-started and tetaniaation of one set of nerves was oonunonced. A 
Harvard coil was used with the secomdeiy at 8-6, the frequeiioy having been 
adjusted to approximately the required valne by loading tiie hammer of the 
iideBi^tor with jdastwene, At the end of 6 minutes the rooking was stofpsd 
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whilst a I c.o. sample was taken from each groove. The rocking was re¬ 
started and tetanusation was continued for another 5 minutes then both were 
stopped and three more 1 o.c. samples were token. Again, the rocking was 
re-atarted and at the end of 6 minutes a final batch of three 1 c.c. samples was 
taken. The chamber was opened, the lengths of stimulated and unstimulated 
nerve which had been immersed in the soa water were cut out, blotted on 
“ gravimetric ” filter paper, put into weighing bottles and weighed. 

The potassium determinations were carried out on the fluid samples in the 
manner described for 1 c.c. samples of Afata blood in an earlier section of this 
paper, but as the experiments were done before the syringe pipettes were 
obtained ordinary glass pipettes of N.P.L., B standard were used. 

Remits .—In nearly every experiment the evaporation was reduced to such 
an extent that in the 20 minutes in which the samples were taken no measur¬ 
able change in the potassium concentration had occurred. A more accurate 
estimate was obtained in two experiments by omitting to take the sample at 
the end of the first 5 minutes, the rocking being continued and a sample taken 
after 45 minutes had elax>8ed. In tluHse the increase in the potassium con¬ 
centration was about 2%^ licnce in the 20 minutes in which the samples were 
usually taken the evaporation correction was only 0-9% of the potassium 
concentration, a quantity not very much greater than the experimental con¬ 
sistency with which the potassium concentrations in the samples could be 
compared. The increase in the potassium concentration in the solution 
surrounding resting nerves was small and consequently it was impossible to 
measure the rate of potassium leakage with any accuracy, but usually it was 
between 0*001 and 0*002 mg, potassium per gram of nerve per minute, Table 
X. The rate of leakage of potassium from nerve stimulated by 20 make aiid 
break shocks per second was quite large—^in the last 1 o.o. sample of sea water 
taken, often the potassium concentration hod increased by nearly 50% above 
its initial value. lu Table X it will be stH^n that the amount of potassium 
leaking out &om a gram of nerve was greater in the second 5 minutes of stimu¬ 
lation than in the first 5 minutes, but that after cessation of stimulation the rate 
of leakage was less than it had been during the periods of stimulation, although 
it remained four to five times as great os in resting nerve. 

With a frequency of about 100 make and break shocks per second the rate 
of potassium leakage during the first 5 minul^ was as great as it was during 
the second 5 minutes, and the rate of leakage in the 5 minutes following stimu¬ 
lation was about the same as in the experiments at the lower frequency. 
Table X. 
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With a still higher frequenoy of about 140 make and break shooks per 
second the mATimnm rate of potassium leakage was attained during the first 
6 minutes of stimulation, it fell off in the succeeding 6 minutes, and in the 5 
minutes after the stimulation it was rather smaller than in the experiments at 
the lower frequencies. Table X. 

Table X.—The Leakage of Potassium Salts from Resting and 
Stimulated Nerves. 


Kiperiment. 

potassium leakage in mlUigrams x roinuloi per 
gram of nerve. 

Approximate frequency 
of stimulation. 

Resting nerve. 

Stimulated nerve. 

per sec. 

2 

0 0075 

A 0-133 

B 0-142 

C 0*048 

40 

3 

0*008 

A 0-130 

B 0*145 

C 0*084 

4t> 

4 

0 00« 

A 0-181 

B 0164 

C 0-1U4 

40 

7 

0010 

1 A 0*068 

1 B 0*114 

C 0-042 

40 

8 

0-009 

A 0-168 

B 0*164 

0 0-004 

100 

g 

OOllA 

i 

A 0-147 

B 0-161 

C 0*107 

100 

10 

OOOAA 

A 0-173 

B 0-160 

0 0*044 

140 

11 

0-008 

1 

A 0*170 

B 0-14B 

C 0*034 

140 


A, during the flmt 5 minntee uf Btimulation. 

B, during the second 5 minutes of stimulation. 

C, during the fint A minutes following stimulation. 

The pota^um leakage from resting nerve in A minntes is a moan of three detenninatioiiB. 


As a corollary to the results just described and to the earlier ones on the 
effect of potassium on the injury potential it seemed possible that theapplioa* 
tion of a drop of potassium ohloride rich solution would set up an impnlim in 
a nsirve since it would be equivalent to the breaking of a constant current, 
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and conversely that the application of a drop of potaBsium dohcient solution 
would be equivalent to the making of a constant current. 

Some experiments were done with nerve-muscle preparations from the claws 
and walking legs of ilfaia. A drop of isotonic potassium chloride solution 
caused a single and occasionally a double twitch of the muscle within a few 
seconds of application to the nerve and immediately afterwards a test stimulus 
at the central end indicated a block. In none of the experiments in which 
potassium free artificial sea water was applied to the nerve was a twitch observed. 
The probable explanation of the ineffectiveness of the potassium deficient 
solutions is that they were not sufficiently free from potassium ions to set up 
such a large e.m.f. as did the isotonic potassium chloride solution. 


The EffecU of Asphyxia. 

Cowan and Feng have repeated Furusawa’s (1929) experiments on the rate 
of disappearance of the ** retention ” of action potential in nerves in oxygen 
and in nitrogen. Their results which confirm those of Funisawa have been 
described already (Beresina and Feng, 1933). 

Furusawa's (1929) work showing that the injury potential is maintained in 
the presence of oxygen and fails in its absence has also been confirmed. How¬ 
ever, the main reason for doing experiments with asphyxiated Maia nerve was, 
that since it contains so much potassium the diminution in the injury potential 
might have been accompanied by a leakage of potassium salts. There is 
little doubt that if asphyxiation were carried to such a length as to inffiot 
permanent damage on a nerve potassium salts would leak out and could be 
determined by a chemical method, but such a result would have been of little 
inteirest and hence the more delicate experiments following were done in the 
hope that they would have some physiological meaning. 

A nerve was rendered inexcitable by immersion in sea water containing 
only just sufficient added potassium chloride, drained of surplus fluid and 
mounted. After the absence of an action current had been established, a 
stream of moist oxygen through the chamber was started and the nerve was 
given two 1 second teat stimuli each half-hour. The experiment was con¬ 
tinued for several hours; occasionally the chamber was opened and a fresh 
crush was made to eliminate the “ crush sealing over effect. At the end of 
such an experiment it was found possible to restore the action current by 
washing the nerve in aerated sea water. In one instance a nerve remained 
inezoitable for 40 hours in moist oxygen and at the end of that time washing 
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in sea water restored what action current there remained, about 6% of the 
initial value. 

From the experiments just described it seems that a nerve which has been 
rendered inexcitable by a mi nima l concentration of potassium does not recover 
in oxygen alone; washing is always necessary; moreover, such ejqmriments 
can be regarded as controls for some asphyxiation experiments described below. 

When a nerve had been asphyxiated until the action current had vanished, 
and the asphyxiation continued for a further period of about half an hour, 
the subsequent admission of oxygon brought about a restoration of both the 
action current and the injury potential. Since o^gen alone was incapable 
of removing the inexoitability, caused by excess of potassium salts between the 
fibres of a nerve trunk, the restoration of the action current, after a short 
period of complete asphyxia, would indicate that sufficient potassium does 
not leak out from a nerve during one of these experiments to produce the 
inexdtability. 

In all the experiments recorded here asphyxiation proceeded more rapidly 
than in Fumsawa’s (1929) experiments. Probably this was because the present 
ones wore done at a higher temperature, and because, at the beginning of a 
period of anoxia, the nerve chamber was washed out with a fast stream of 
nitrogen. 

In three experimentB in which asphyxiation was continued for an hour 
before oxygen was admitted, oven after making a fresh crush, both the injury 
potential and the action current remained depressed. The injury potential 
was reduced to about 70% of its initial value while the action current was 
reduced to about 10%. Washing in aerated sea water restored the injury 
potential to about 80% of its initial value, and the action current to between 
60 and 60% of its initial value. These experiments suggest that the sea water 
restores the nerves by washing away some toxic substance. This may well 
be potassium salt since it has already been shown that none of the other cations 
of sea water influences appreciably the galvanometer deflection due to the 
action current, and that a nerve rendered inexcitable by potassium cannot 
recover in oxygen. It is emphasized, however, that washing is only necessary 
to restore nerves which have been asphyxiated to the point of slight permanent 
injury, and that the effect is a- secondary one. 

DUcumon. 

From the results of the chemical analyses of Maia blood and nerve it can 
be calculated that the blood and the nerve plasma must be very neatly if not 
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exactly isotonic with one another and with sea water. Indeed it would be 
very difficult to imagine things otherwise when one recalls the fragility of these 
nerves and their sensitivity to changes in osmotic pressure. It follows, then, 
that in these nerves the potassium and other ions must be in solution since 
any adsorption-would render the nerve plasma hypotonic to the blood. Hence 
there is no possibility that local accumulations of potassium salts exist on or 
in the surfaces of the axons ” of the fibres or ** also on or in their dendrites ** 
as Macallum (1932) claims to have shown in medullated nerve. 

The reversible inexcitability which is exhibited when potassium rich tissues 
ore immersed in a potassium rich solution is probably a far more widespread 
phenomenon than is at present realized. In frog muscle it has been investigated 
by Duli^ie and Horton (1929) and by Horton (1930); in the plant cells of 
NileUa davata by Osterhout and his collaborators (1931); recently Feng 
(1933) has shown that it occurs in the sensory end organs of frog’s skin. It 
has long been known that potassium salt solutions will depress and block 
medullated nerves (Menton, 1912 ; for earlier references see Hober and Strobe, 
1929), but owing to difficulties in technique the minimum concentration required 
to produce inexcitability and the recovery process do not seem to have been 
investigated. However, some observations by Forbes and Ray (1923) are 
very suggestive of the influence of potassium : using cats they found that, of 
freshly dissected nerve trunks 14% were incxcitablo when tested immediately. 
Also, a nerve cut off from its blood supply and left lying in a wound completely 
surrounded by dissected tissues rapidly became inexcitable. Such a nerve 
could be restored by washing in Ringer’s solution—the relatively rapid restor¬ 
ation certainly suggests an ionic process. 

The ratio of the minimum ionic concentrations of potassium, rubidium, and 
cesium required to produce reversible inexcitability is in the ratio 1; 2 *0 : 3 -2, 
whilst the ratio of their atomic weights is 1: 2*2 : 3*4. This relationship 
suggests that the action of these ions is a simple physical one, and possibly 
that the initial stages of propagation of a nerve impulse are due to a physical 
change rather than a chemical one (qf. Hill, 1932, 6). 

In these experiments neither rubidium nor osesium was observed to depress 
the injury potential appreciably, but with frog’s medullated nerve Netter 
(1927), Hober and Strobe (1929) found that, after producing a temporary 
rise, rubidium depressed the injury potential considerably, whilst osesium had 
no effect. It is possible that greater effects of rubidium and osasiom ions on 
the injury potential would have been observed with crab’s nerve had the time 
between immersion in the solution and the determination of the injury potential 
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been longer. Again, in these experimenta when the inexoitability which 
would ordinarily be produced by potassium ions was prevented by the addition 
of calcium chloride, the depression of the injury potential was still manifested, 
but with frog's nerve Hober and Strobe (1929) found that calcium salts would 
prevent the depression of the injury potential due to added potassium salt. 

The speed with which the injury potential responds to ohaEiges in the 
potassium ion concentration in the surrounding medium and the perfect 
reversibility of the changes adds to the evidence that the action of potassium 
is ionic and that the nerve membrane is permeable to potassium ions. The fact 
that other cations alter the injury potential little shows that the membrane of 
resting nerve is practically impermeable to them, furthermore, when the 
results of the analyses of Maia blood and nerve, the sense of the injury potential 
and the direction in which it moves when potassium rich solutions are applied 
are considered in the light of Beutner’s work (1920, 1933) it follows that the 
non-aqueouB membrane bounding the nerve must have acidic properties. 

The results of the chemical analyses indicate tliat the potassium concentra- 
tion in Maia nerve is about 13 times as great as in the blood. The maximum 
possible injury potential which this concentration difierence could set up at 

17- C. i. = ^ lof, 0^ = 0.068 los.. 13 = 64.6 mv. 

From the measurements of the injury potentials of resting nerves and the later 
ones on the effects of different potassium concentcations on the injury potential, 
it is clear that under the conditions of these experiments less than one-half 
of the maximum c.m.f. was obtained. The loss might be due to short cir¬ 
cuiting in the tissues. 

It will be noted that although e.m.f. measurements are oonaidered here and 
in other parts of this paper no attempt has been made to introduce ionic 
activities rather tliau concentrations. The reason is that all the solutions 
inside and outside the nerve must have had very nearly the same “ionio 
strength ’’ (Lewis and Randall, 1923, chap. 28) and in order to express results 
in terms of activities the potassium ion concentrations inside and out would 
merely have to be multiplied by factors which, within the ei^rimental error 
of d: B%i would probably have the same value. 

From the results of the chemical analyses it would be expected that a 
potassium concentration of 13 times the normal in the solution surrounding 
the nerve would abolish the injury potential, but in the ej^eriments with 
potassium chloride enriched sea waters an e.in.f. of 3-6 millivolts remained and 
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a concentration of 17-26 times the normal was required to make the injury 
potential zero. There ore three possible explanations of this difierence: as 
has already been suggested, some inactiye tissue or sea water was included in 
the nerve samples analysed; the 3-6 millivolts is due to an asymmetry, in 
the nerve membrane, of the type described by Cremer; some of the potassium 
salt in the external solution becomes involved in a Donnan equilibrium across 
the nerve membrane. At present it is impossible to distinguish between these 
poBsibiliticfl, but probably the hrst and third are the important ones. Although 
the accumulation of potassium within living nerve fibres could not be explained 
by a Donnan effect {cf, Osterhout, 1931, on Vafenia), there seems to be no 
reason why Donnan distributions should not affect the potentials given by 
nerves treated with potassium rich solutions. If wo assume that the volume 
of solution surrounding the nerve is infinite compared with the volume of the 
nerve plasma, then the Donnan expression for the membrane potential due to 
the asymmetric distribution of potassium ions reduces to the form 


E = const. 


Xl„*SL±V^±«k* 


where is the concentration of potassium ions ordinarily present in crab’s 
nerve before treatment, and G, is the potassium ioti concentration in the 
solution with which the nerve is treated. Now if Cj is small compared with Cj, 
the expression approximates to E = const, log Cj/Cj, giving a nearly linear 
relation between the depression of the injury potential and the logarithm of 
the potassium ion concentration in the outside solution ; but if G^ is not small 
compared ?rith G^, then the relation is no longer a linear one ; instead, as the 
potassium ion concMmtration in the surrounding medium is increased, the 
depression of the injury potential is less manifest, and finally it reaches a 
fixed value. The line plotted in fig. 2 would bend over towards the x-axis, 
and become asymptotic to a fixed potential. Thus reversed injury poten¬ 
tials ” would never be attained even when the solution surrounding the nerve 
contained only potassium salt. 

When ifata nerves were stimulated in a small volume of sea water there was 
a definite loss of potassium salts and the loss continued at a slower rate after 
stimulation had ceased. It is a little difficult to decide what the results mean. 
The effect of the higher frequencies in causing greater potassium leakage may 
have been due to the greater number of stimuli administered, or it may have 
been due to an earlier onset of frtigue, as there is no doubt that although 
coil stimulation was used, and the eariiei stimuli were barely maximal, the 
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nerves were stimulated to a oonsiderable degree of fatigue (Furusawa, 1929). 
The falling off in the leakage rate at the higher frequencies was probably 
due to some of the fibres becoming inexcitable with fatigue. The same 
difficulty of deciding how much of the potassium leakage is duo to the passage 
of impulses and how much is due to &tigue has caused some controversy for 
frog muscle (Mitchell and Wilson, 1921; Wojtczak, 1927 ; Ernst and Scheffer, 
1928). For plant cells of Nitdla the results of Sen (1931) give a more definite 
answer. He found that the electrical resistance of a small volume of water 
surrounding a single cell decreased by about 20% when induction shocks, 
just sufficient to stop streaming within the cell, were administered; on the 
other hand, lethal shocks caused the resistance of the surrounding water to 
decrease by 300%. However, ho did not identify the ions escaping. 

The leakage of potassium from the nerve into the surrounding solution 
involves a loss of osmotic work or energy and it is of interest to evaluate this 
free energy decrease in order to compare it with the energy expenditures which 
have been measured as heat production. 

For the purpose of calculating the osmotic work it is assumed that the true 
rate of potassium ion leakage was 0*0280 mg. per minute per gram of nerve at 
a stimulation frequency of 40 per 8ee<md. Moreover, since potassium ions 
could not leak out unaccompanied, for simplicity, the further assumption is 
made that the companion anions (yet unidentified) were univalent, llien, the 
total ionic leakage becomes 6*84 X 10”“ gram equivalents per single impulse 
per gram of nerve at a frequency of 40 per second. Using the usual notation 
(see Lewis and liandall, 1923) the osmotic work is 

- AF = ^ NRTlog^ . 

In this calculation the form 


— AF = 2*303 NRT log,p 


[K‘] inside nerve 
[K’] outsido nerve 


wiU be used, and the potassium concentration ratio of 13—approximately 
that found by chemical analysis—will be used rather than any expression 
involving ionic activities. The osmotic work at 17° C. is 


- AF = 2*3a3 X 6*84 X 10"“ X 1-989 X 290*1 X logic 13 cal. 

= 0*864 X 10‘«cal. 

= 36*12 ergs. 

The most recent measniements of the heat production of Maia nerve are 
those of Beiesixia and Feng (1933). They found that the initial heat per single 
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isolated impulse was 0-73 x 10"* oalorie per gram of nerve at 16-5® C. With 
the aid of their curve showing the effect of frequency on the rate of heat pro¬ 
duction, and taking the ratio of the initial heat to the recovery heat as O'02, 
the recovery heat per single impulse can be calculated to be 38-1 X lO”* oal. 
j>er gram at a frequency of 40 per second. 

The fact that "the energy loss, due to potassium leakage, and the initial 
heat arc of the same order of magnitude is no more than a coincidence, since 
the former is a free energy change involving no hberation of heat, and the 
latter is a thermal change ; moreover, it is unlikely that they have the same 
distribution in time. Hill (1932, b) has suggested that after activity the nerve 
is re-charged ” for further activity by a secretory procofw, whereby ions are 
restored to their former positions. Recently Feng and Hill (1933) have brought 
forward some evidence, which at least shows that in frog's medullated nerve 
the initial heat and the recovery heat do not arise from consecutive chemical 
reactions, in which the products of the first are the reactants in the second. 
If the potassium ions which have leaked out from crab’s nerve are restored 
by a secretory process, then it is possible that the long continued recovery 
heat (Hill, 1929) represents the energy expenditure of this restoration. If 
this is true, then it follows that Maia nerves liave a thermodynamical 
efficiency of about 2'3%—an efficiency of the same order as that with which 
the human kidney performs its osmotic work (Borsook and Winegarden, 
1931). 

The effects of asphyxia on nerve are manifested in two stages ; in the first, 
recovery can be brought about by oxygen alone, but in the second it seems 
probable that j>otassium salts leak from the fibres. With medullated nerve 
many conflicting results have boon reported as to the necessity of washing for 
complete restoration after asphyxia. An explanation of these diilerenoes 
would be that some workers carried asphyxiation to the point of producing 
potassium salt leakage and others did not. 

Horton (1930) in his work on the inexoitability of frog muscle showed that 
treatment with Ringer’s solution enriched with potassium chloride caused an 
increase in the excitation time, and Lucas (1908) showed that treatment with 
solutions enriched with calcium ions diminished the excitation time. On 
the basis of his electrical model of nerve Hill (1932, 6) has suggested that 
potassium and calcium ions might act by changing the electrical resistance of 
the sheath and, consequently, the value of Rushton’s (1927) “analytical 
unit.” There ore two possible mechanisms whereby this resistance change 
could be efieoted and they have some points in common. 
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(a) The ouiieat may be carried in the nerve aheath by iona and t^e con¬ 
ductivity may depend upon the mobilitiee of the iona in the material forming 
the aheath. If ao, then it would bo expected that the mobilities in that 
material of the three ions potassium, rubidium, and ceBsium would be in the 


same order 1 ; 


1. JL 
2 ' 3 - 2 ’ 


as their effectiveness in producing inexcitability. 


There is no doubt that the nerve membrane is permeable to potassium ions, 
and a possible reason why they do not ordinarily diffuse out is that no anions 
diffusible in the membrane material are available in resting nerve. But when 
the nerve is excited, leaving out any possibility of a temporary rupture of 
the membrane, new ions, lactate, may be formed and they may diffuao 
out accompanied by potassium. 

Beutner (1933) has shown that in his artificial systems the addition of 
small amounts of narcotics or alkaloids to the water immiscible phase reduces 
greatly the observed potential difference. In nerve it is inconceivable that 
asphyxia could affect seriously the activities " of the potassium ions in the 
aqueous phases, but it is quite possible that a metabolite or metabolites 
accumulating during asphyxia could j)ass into the membrane material, alter 
its properties and reduce the observed injury potential. Beutner and Lozner 
(1930) have given experimental evidence that non-oxidized materials, which 
yield acids insoluble in water—for example, hoptylic alcohol or aldehyde—arc 
electrically negative relative to their oxidation products. The oxidative 
removal of such a metabolite would result in a restoration of the injury 
potential. 

(6) An alternative explanation in terms of emulsions involves changes in 
permeability. If the nerve is bounded by a water in oil emulsion, then potas¬ 
sium, rubidium, and ccesium ions could produce inoxcitability by lowering the 
resistance of the sheath; that is, by increasing its permeability to ions by 
favouring inversion to an oil in water emulsion, and calcium would favour the 
change in the opposite direction. Clowes (1916) has studied such permeability 
changes and ion antagonisms with olive oil and water emulsions. More 
recently Dixon and Bennet-Clark (1930, 1932) have demonfictrated that when 
water in olive oil emulsions are stimulated electrically, often the electrical 
resistance falls to a fraction of its initial value owing to a temporary inversion, 
and then it recovers. Moreover, they have shown that it is possible to obtain 
sfrength-duration carves with these emulsions; also that their sensitivities 
may be altered by various ions. To suppose that the membrane bounding 
nerve is essentially an emulsion would be in keeping with the observations 
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just loentioned. A temporary inversion of the water in oil emulsion would 
explain the leakage of potassium from stimulated nerve. The depression of 
the injury potential could be explained as in (a) by the accumulation of some 
metabolite which possibly after long continued asphyxia might be present 
in on amount sufficient to cause inversion of the emulsion mombrane thus 
permitting the escape of potassium salts. Oxidative removal of such a 
substance would restore first normal permeability and subsequently the injury 
potential. 

My sincere thanks are due to Professor A. V. Hill for his continued interest 
and advice during the course of this work ; to Professor J. C. Drummond in 
whoso laboratory some of the preliminary analyses of crab’s blood were done ; 
to Dr. £. J. A11 cd» the Director, and to the staff of the Marine Biological 
Laboratory, Plymouth, for their help and courtesy during my visits tlieie ; to 
Professor C. M. Yonge (formerly a member of the staff of the Marine Biological 
Laboratory) who took for mo the first series of samples of Catuxr blood and 
nerve mentioned; to Professor R. Hdber for helpful criticism during the 
preparation of this paper ; to Mr. J. L. Parkinson for his willing assistance at 
all times. 

1 am also indebted to Professor A. V. Hill for the loan of apparatus; to the 
Government Grant Committee of the Royal Society and to the Thomas Smythe 
Hughes and Beaveibroc^ Funds of the University of London for grants which 
have defrayed in part the cost of apparatus and materials. 

Summary. 

(1) Samples of blood serum and nerve from Cancer pagurua have been 
analysed for total solids, inorganic cations, and potassium. 

(2) Similar analyses have been made of serum and nerve from Maia 
squinado. 

(3) A modification of Kramer’s method of estimating the potassium in 
1 o.c. samples of blood plasma or serum is described. It is designed to give 
an accuracy of ± 1%, and to save tune when a large number of samples bos 
to be analysed. 

(4) The usual value obtained for the injury potential of Maia nerves was 
about 30 millivolts. The crush sealmg over ” effect described by Gerard 
(1930) was very pronounced, but if preoautioDs were taken to obviate this the 
injury potential was reproducible to within ± 6% of its value fox about 2 
hours. 
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(6) Over a period of about 8 hours in oxygen at 17° C. the injury potential 
of Maia nerve declined at a rate of 3-4% per hour. 

(0) Fotassiiim chloride rich solutions depressed both the action current and 
the injury potential rapidly and reversibly. The minimum potassium con¬ 
centration required to abolish completely the action current was about five 
times that occurring in sea water or in Maia blood. 

(7) The depression of the action current by potassium rich solutions could 
be partly prevented by the addition of calcium chloride. 

(8) The injury potential of a nerve could be reduced from 30 millivolts to 
3‘5 millivolts if the concentration of potassium chloride in the fluid bathing 
the outside was made equal to the apparent potassium concentration (as 
determined by chemical analysis) inside the nerve. With rather higher 
potassium concentrations the injury potential could be made zero. Over a 
limited range an approximately linear relation was found to hold between the 
depression of the injury potential and the logarithm of the potassium 
concentration. 

(9) Nerves dehydrated in hypertonic solutions could be made to give 
increased injury potentiab. 

(10) It has been shown that the reversible inezeitability which occurs in 
freshly dissected crab’s nerve is probably due to the presence of an abnormal 
concentration of potassium salts at the outside surfaces of the fibres. 

(11) Like potassium, rubidium and cseeium ions could abolish reversibly the 
action current in Maia nerves, whilst the injury potential was affected little. 
Ammonium ions caused inezeitability, but there is some doubt as to whether 
they act in precisely the same way as the alkali metal ions. 

(12) The action of rubidium or cesium ions in depressing the action current 
oould be partly prevented by calcium ions. 

(13) Resting nerves in sea water were found to lose small quantities of 
potassium salts or none at all, but quite considerable quantities escaped from 
nerves stimulated to fatigue. 

(14) Nerves which had been asphyxiated for a short time could be restored 
by the admission of oxygen, but nerves which had been asphyxiated for a 
longer time also required washing with sea water for complete recovery. 
Possibly potassium salts leak out in the latter case. 

(16) If it is assumed that the potassium, which has escaped Atom a 
stimulated nerve, is restored by a secretory process, then the thermodynamioal 
effietenoy of crab’s nerve can be calculated to be about 0*02. 
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(16) Two posaible physical mechazusmB intondod to explain the obeervations 
Bommarized above are discoBsed. 
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Physico-Chemical Studies of Complex Organic Molecules. Part I.— 
Monochromatic Irradiation. 

By F. P. Bowden and C. P, Snow, Laboratory of Physical Chemistry, 

Cambridge. 

(Communicated by T. M. Lowry, F.R.S. Received December 27th, 1933.) 

[Plates 7 and 8.] 

§1. Tueoreticaj^ Considerations. 

The physical study of polyatomic molecules has proved to be a task of great 
difficulty. It now appears likely that, by combining observations of infra-red 
absorption spectra with observations of Raman emission spectra, and 
by making use of several subsidiary relationships, accurate information 
con now be given as to the resistance both to stretching and to bending of 
all the important links of molecules such as GiHj, C 1 H 4 , C|He, CH|0, and 
N, 04 ,* But it is evident that a limit has nearly been reached and that mole¬ 
cules of greater complexity present to the physicist an almost insoluble 
problem.f Thus, whilst we may perhaps hope for a complete analysis of the 
structural elements of acetone, in the not very distant future, a similar analysis 
of methyl ethyl ketone seems at present to bo impossible. A fortiori, the 
complex mofecules which are of so much importance in biology, are entirely 
beyond the scope of those methods of examination. 

Nevertheless much valuable information may be obtained by the application 
of physical methods, in view of the fact that the mutual influence of the binding 
electrons is limited to a very narrow range, and is usually confined (even for 
strongly polar radicals) to not more than about three atoms of a long chain. 
While, therefore, we cannot hope to provide a complete meohanical description 
of such a model, in terms of its vibreUion spectrum, we may be able to elucidate 
its declronic states with some ease and certainty (Mullikon, 1933). Thus the 
long-established chemical practice of regarding the absorption band at about 
3000 A., which is characteristic of all ketones and aldehydes, as caused by an 

* For the first four moleoules, </. Meoke (1932), and Sutherland and Dennison {in oowm 
of pMieation), and for N 1 O 4 Sutherland (1933). 

t The obvious method of identifying a Raman line of given firequanoy with the vibration 
of a partloular type of bond is not to be trostod without a more rigorous analysis of the 
complete vibration speotrum, qf. Fermi (1931), and Sutherland and Dennison (foe. 
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ekotronio tranaition in the >0^=0 group, ia justified hy the new orbital theory 
and by more precue ezperimente, with the qualification that any attempt to 
localize the excitation in the eleotrcma of the double bond itself is definitely 
not valid. For all >C»0 gronpe in the “ aldehydic ” or " ketonic ” environ¬ 
ment there will be an energy of excitation of about 4 volts, corresponding to 
the band at 3000 A.; this energy of excitation will raise the group (and hence 
the molecule) to its first excited state. This first excited state will be at the 
same energy level through the series of molecules above, but will be much 
modified in different environments, e.p., by the proximity of —OH or — 
in —CO . OH or —CO . NH, or by the presence of conjugated double bonds, 
0.p., —Cb*C— c=o. 

Similar considerations may be applied to the photochemistry of complex 
molecules. The initial absorption of a quantum of light by one of the more 
easily excited radicals in the molecule gives rise to an excitation, which is at 
first mainly confined to the valency electrons of this radical, since the other 
electrons are not directly concerned. The excited electron may then revert 
to the ground state from which it was raised ; but, if the excited state possesses 
sufficient energy to overcome the stability of the bonds, it may give rise to a 
decomposition, which need not be confined to the excited radical but may 
extend throughout the molecule. At first sight, therefore, it might appear 
that the photochemical decomposition of a complicated organic molecule 
would be a disorderly process, like the thermal decompositions which occur 
when a non-volatilo organic material is charred. Recent work;, by Norrisb 
and his colleagues (1934) specially, has shown, how'ever, that photochemical 
decompositions may pursue an orderly course, even when the excited radical 
forms a part of a large molecule. Thus when an aldehyde is decomposed with 
elimination of carbon monoxide, the radicals on either side reunite in an orderly 
way to form a product which may under favourable conditions be almost 
entirely homogeneous. Whereas, therefore, the thermal decomposition of a 
complex molecule is often accompanied by far-reaching destruction, it is 
possible for a photochemical decomposition to proceed so smoothly that a 
relatively drastic operation is followed by a complete healing of the local wound. 

The purpose of the present paper is to indicate that operations of this kind 
can only be conducted to the best advantage by the process of monochromatic 
irradiation, and this for two obvious reasons. First, complex moleoules often 
have a very complicated absorptiem spedrum, including absorption bands 
both in the visible and in the ultra-violet region. It is a task of some difficulty 
to sort out these bands, and to discover bow many of them must be assigned 
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to one radical, and how many to another. The bands may also differ widely 
in their photochemical sensitivenioss. It is therefore essential, when working 
with molecules of this kind, to begin by producing a homogeneous excited 
state, by irradiating the molecule with light of a single wave-length, and thus 
activating one radical to a constant energy level, instead of several radicals to 
different energy levels. Second^ the product of irradiation may have an even 
more complicated spectrum than the original material, and in particular it may 
develop absorption bands in close continguity to, or even overlapping, those 
of the original molecule. If complicated secondary changes arc to be avoided, 
therefore, it is essential to shield the product from radiation which would 
produce a further excitation of the primary product. This can only be done by 
selecting, whenever possible, radiations which arc absorbed by a particular 
radical of the original molecule, and not absorbed by the product. 

Since these limitations are not merely theoretical, but are of urgent practical 
importance, considerable interest attaches to the provision of sources of mono¬ 
chromatic light, which shall be sufficiently powerful to bring about adequate 
chemical changes within a reasonable space of time. An apparatus for this 
purpose is described below and some examples are given to illustrate the way 
in which it may be employed. 

§2. MoNocuaoMATic Radiation. 

It is difficult to obtain monochromatic ultra-violet light of sufficient intensity 
for photochemical reactions. Filters may be used in the visible and near 
ultra-violet with some success, but in the far ultra-violet they are unsatisfactory 
Most substances transmit in several regions of the spectrum so that a sories 
of filters is necessary to give light in any one region. This diminishes the 
intensity considerably, and the light, when transmitted, is not monoohromatio 
but covers a considerable range of wave-lengths. In addition, many filters 
are decomposed by ultra-violet light, so that the nature and intensity of the 
transmitted beam changes continuously. 

Quartz MofUKhromator, 

Because of these difficulties, a quartz monochromator was constructed, of 
sufficient size to give monoohromatio light of the required intensity (Bowden, 
1931).* The general design of the instrument is shown in fig. l.f Light 

* We ue gioatly indebted to Dr. R. Fraaer for aa ri atanoe with the detailed d n ai gn , 

t For a desoriptiofn of variona monoohromators see Forbes (1928), and Eeidt and Daniels 
(1983). 
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from the Bomoe L waa rendered parallel by the collimating quartz lens A, 
passed auooesaively through the two quartz prisms B, B', and was brought to 
a focus on the radiation cell by the quartz lens A". 

The large compound short focoa quarts lenses A, A! were each made up 
firom two convex lenses 10 cm. in diameter out from natural quartz. The 
usual working aperture was 1-8 for the 3650 A. line, but stops could be used 
to reduce this. The lenses were carried in telescope tubing and were focussed 



Fig. 1. 


by the racks and pinions R, R', the position of the lenses being shown on the 
graduated scales S, S'. 

The' 60° prisms (face 8x8x8 cm.) were each formed fri>m single trans¬ 
parent dystals of natural quartz cut with the optic axis of the crystal parallel 
to the base of the prism. The difficulty of obtaining natural crystals of 
sufficient sue was increased by the condition that one most be right handed and 
the other left handed so that they mutually correct for bizefiingenoe. The use 
of two 60° prisms in series gave a high dispersion, which was important since 
it enabled a wide slit to be used without overlapping of adjacent lines in the 
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spectrum, and so gave a high total flux as well as a high intensity of mono- 
ohromatio light. 

Both the oollimatoT and telescope were carried on pivoted arms which could 
be swung into any position, in order that the instrument could work at any 
deviation or be used with one prism or two. Since, in practice, it was incon¬ 
venient to move either the source or the irradiation cell, these arms were usually 
damped in position, and light was moved on to the cell by rotating the prisms 
equally, in opposite directions, through a small angle. The prisms were 
carried on tables which could rotate about an axis in the centre of their outside 
faces at E and E'. The rotating movement was communicated to the prisms 
by the pins P, P' which were, in turn, controlled by the fine pitch screw and 
wave-length drum D. In this way light of any selected I wave-length could be 
moved on to the cell merely by turning the wave-length drum.* 

The image of a straight slit is curved by optical distortion in the large prisms, 
so the slit was made of an appropriate curvature to give a straight image. 


Source of UUra-violet Light. 

A standard mercury vapour lamp with a flattened side was used as a source, 
and gave a sufficiently high intensity for many purposes. The flattened side 
enabled the slit to be brought nearer the centre of the discharge in the lamp. 
The intensities of the lines in the for ultra-violet were improved by deflecting 
the discharge against the wall of the lamp by means of a magnetic field. With 
prolonged use, the quartz became more opaque to the far ultra-violet, and the 
intensity in this region fell of considerably, making it necessary to empty 
and clean the lamp at intervals. 

The most satisfactory type, however, was a small capillary lamp in which a 
current of several amperes passed through mercury vapour in a capillary tube 
1 to 2 millimetres in diameter. No slit was used on the monochromator, the 
capillary tube itself acting as a slit. Several forms of those lamps have been 
described (Daniels and Hoidt, 11)32); they give a high intensity but the quartz 
becomes relatively opaque to the far ultra-violet in a few hours, and a frequent 
renewal of the capillary is necessary. A very simple form which could be 
made and fitted in a few minutes was devised by Mr. A. J. P. Martin and 
Mr. S. D. D. Morris, so that the trouble of replacement was n^duced to a 
minimum. 


* The mechanical porU of the instrument were construoted by W. Q. Fye ft Ca, 
Cambridge. 


T 2 
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The general coiutraction of this lamp is shown in fig. 2. The lamp iteelf, 
which is a horizontal one» was made from quarts tubing 1 to 2 mm. in internal 
diameter, in which were blown two small bulbs (2 to 3 cm. apart). The tabe 
was filled with dry mercury and the iron wire oleotrodes sealed in by means of 
cycle valve rubber tubing. The arc was struck between the bulbs by means 
of a small heating coil which pressed against the capillary tubing. The cooling 
jacket was made in two halves and the faces ground flat and greased so that 
when screwed together, with the lamp inside, it was water tight. Distilled 
water was necessary for cooling to prevent deposition of lime on the outside 
of the lamp. 



Fio. 2. 


In using the mercury lamp one is, of course, restricted to the lines present 
in the mercury spectrum, although additional lines can be obtained by adding 
other metals such as zinc and cadmium to the mercury. A hydrogen lamp 
does not suffer from this disadvantage, since it gives a continuous emission 
extending far down into the ultra-violet. A large hydrogen lamp similar to 
that described by Lawrence and Edlefson (1930) to carry 4 amperes at a 
few millimetres pressure was constructed. This gave a high intensity of 
continuous ultra-violet light so that radiation of any wave-length can be 
selected by the monochromator. An all quartz lamp to carry 8 amperes at 
6000 volts is under construction. 

Intensity of Monochromatic Light, 

The intensify of the difieront lines of the mercury spectrum transmitted by 
tile monoohromator is shown in fig. 3. The souroe was a capillary lamp whkh 
had been running oontinuoasly for an hour. 
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It will be Been that the intensity is extremely high. For the 3650 line the 
intensity is over a million ergs, per second square centimetre. The usual 
sort of intensity employed in photochemical reactions with filtered light in 
the 3650 region is oa. 2 X 10* ergs, per sec./om.*. The image of the line was 
0-16 cm. wide by 3 cm. long (area 0-46 cm.), so that the total flux of energy 



DisTiMir. ir| cm 
Fio. 8. 



Fio. 4. 


in the 3660 line waa eo. 6 x 10* erga. per second. The intenaitj obtained bj 
the monochromator (1'3 x 10* erg8./8ec./cm.*) corresponds to ca. 2 x 10** 
quanta 8eo./cm.* of the 3660 radiation, and the total flux to oa. 8 x 10** 
quanta per second. 

Imd/iaiion, CdL —One of the irradiation cells used is shown in fig. 4. It 
ooDiisted of a leotangulax slot R cot in a brass block and fitted with qaatte 
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windows at the top and bottom. The width of the cell was made equal to the 
width of the slit image (usually 2 mm.) so that the whole of the cell was covered 
by the radiation. The quartz windows were attached with a thin film of 
hardened secootine, or were soldered directly on to the brass. This was done 
by first pla tinising the quartz and tinning with soft solder and Woods metal. 
Celia nmde wholly of quartz have also been used. 

The cell was fitted with steel taps T, T', which were mercury sealed, so that 
the cell was gas tight, and irradiation could be carried out in the absence of 
air. The cell was filled through the aide tube S; this was connected by an 
accurately ground conical joint to the small bottle B containing the air free 
solution. By suitably rotating the bottle B about this conical joint, first 
nitrogen, and then the solution, wore blown into the cell. The taps T, T 
were then closed and the bottle removed. The absorption spectrum of the 
solution could be examined before and after irradiation without removing it 
from the cell. The solution was stirred continuously by moans of small steel 
shot K which were kept in motion by an intermittent electromagnet fixed 
near the cell. 

The intensity of the light was measured on a Moll thermopile fitted with a 
rectangular slit of the same cross-section os the cell. By turning a screw the 
thermopile could be moved under the radiation in place of the cell, and the 
intensity of the light falling on the cell could be measured at any instant. 
Fig. 6, Plate 7, illustrates the monochromator in the vertical position, with the 
cover removed, and shows the general arrangement of the capillary lamp L, 
the irradiation cell C, the thermopile T and the stirring magnet M. 

Mmsvfement of Absorption Spectra, 

The absorption spectra in the ultra-violet were photographed on a small 
Hilger quartz Hpectograph using a hydrogen lamp os source of illumination. 
The small dispersion of this instrument and the continuous source made it 
poesible to detect weak bands and fine structure which might be overlooked 
on an instnunent of larger dispersion or with a line source. The absorption 
coefficients were measured quantitatively on a Hilger E2 spectrograph, using 
either a polarization photometer, or the new Hilger echelon cell 

§ 3. Ebgostebol and Vitamin D. 

The tranaformation of ergosterol into calciferol (vitamin D) is one of the 
..best known “biological” photochemical changes, and was clearly a good 
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aubstance for the first application of monoohromatio irradiation (Bowden 
and Snow, 1932). 

Abaofjjiion Spectra of Ergoderd and Calciferol. 

The well-known absorption spectra of ergosterol and calciferol were re¬ 
measured in the solid state, and in solution in cyclohexane. In cyclohexane 
ergosterol has clearly marked bands with maxima at 2940, 2820, 2720, 2600 A. 
and calciferol a broad, diffuse, and very strong band with its maximum at 
2660 A. in close general agreement with earlier obaorvations (Askew and 
others, 1932). 

The Effect of Monochromaiic Badialion upon Ergosterol and C<dcifer6l, 

It has been known for some time that irradiation of ergosterol by ultra¬ 
violet light of wave-lengths longer than 2750 A. gave a better yield of calciferol 
than light of shorter wave-lengths and that calciferol is easily destroyed by 
ultra-violet light, especially of short wave-lengths (Bourdillion and others, 
1931). 

(a) The Irradiation of Calciferol. —^Tho absorption spectra of calciferol, and 
the changes occurring in it on irradiation with light of different wave-lengths 
are shown in fig, 6, Plate 8, photographs 1, 2, 3 and 4. Dark bands correspond 
to absorption. 

X 3130 and wave-lengths longer than this produced no appreciable change, 
photograph 2. 

X 2650, destroyed the absorption completely and quickly, photograph 3. 

X 2537 also destroyed the absorption less quickly than X 2650, photograph 
4. 

The destruction of calciferol by irradiation was very little affected by working 
in an atmosphere of nitrogen instead of in air. 

(h) Irradiation of Ergosterol. —Since calciferol is readily destroyed by X 2060 
it is apparent that only a small region of wave-lengths can transform ergosterol 
into calciferol without destroying a large fraction of the latter. The over¬ 
lapping of the absorption curves makes these narrow limits of effective wave¬ 
lengths inevitable. Photographs 6, 6 and 7 in fig. 6, Plate 8, show how sharp 
is the long wave-length limit. 

X 3130 caused no change even after many hours in an atmosphere of nitrogen, 
photograph 6. 

X 2967 oansed a dutruotion of the ergosterol band, and in nitrogen a rapid 
development of the oaloiferol band at 2650, photograph 7, 
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[The experiment waa stopped after 2 hoars, and the biological activity 
tested by Mr. M. W. Firie. The result shofwed that 60% of ergcsterol had been 
transformed into the vitamin, but too few rats were used to make this figure 
reliable and there is a possible error of ± 30%. Since no particular care was 
taken to ensure a maTinmnn yield, it seems that efficient conversion may be 
possible by this wave-length. The best peld obtained by Askew el alii with 
filtered light and a continuous flow was 44%.] 

X 2660 destroyed the ergosterol, but produced a smaller yield of calciferol. 

In this photochemical reaction (ergosterol -*■ calciferol) the supply of 
oxygen plays an important part. In the presence of oxygen, ergosterol is 
readily destroyed, but gives a product which is transparent down to 2400 A, 
photograph 8, fig. 6, Plate 8. 

The quantitative analysis of these photochemical reactions has not yet 
been attempted. It is apparent, however, that the quantum efficiencies and 
orders of the reactions could be obtained by this technique in a way quite 
impossible with light which is not monochromatic (Marshall and Enudsen, 
1930). 

Irradiation of the Solid Crystals. 

The absorption spectra of thin crystals of ergosterol and calciferol was found 
to be the same as in solution except that the heads of the bands were slightly 
displaced toward longer wave-length. The crystals were subjected to mono¬ 
chromatic irradiation and the changes which occurred in the optical and X-ray 
properties were measured by Bernal (1932). Examination under a polarizing 
microscope showed that radiation with an effective wave-length could transform 
the crystal from anisotropic to isotropic material At the same time the 
X-ray pattern was destroyed. Ergosterol was scarcely affected by light of 
wave-length 3660 A., 3130 A. or 2637 A. but was rapidly transformed pre¬ 
sumably into calciferol by light of wave-length 2967 A. Calciferol on the 
other hand was stable to 3600 A. and 2637 A. (which destroyed the solution) 
but waa destroyed by 3130 A. (to which the solution was stable). This difieienoe 
in behaviour of the solid and the solution is due partly to the shift in the bonds 
and partly to the greater absorption and the formation of protective absorbing 
layers on the snr&ce. 

§4. VlTAlflN Bj. 

No definite absoiptioii bands had been attributed to the molecule of 
vitamin B^ at tiie time of this investigation. Damianovioh (1922) and later 
Guha (1931) ^und that active yeaat ooncentrates pos s es s ed a band in tiie 
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region of 2600 A. bat it was shown by Dixon, Eeilin and Ouha that inactive 
fractionB also gave this band, Mukorji observed that crystals of the active 
substance, obtained from rice polishings, gave an absorption at 3900-3300 A. 
Quha concluded that it was unlikely that the study of absorption spectra 
of vitamin concentrates would yield any significant results. On the other 
hand Windans and his collaborators (1932) have published an absorption 
spectrum of crystalline vitamin with a maximum at 2600 A. 

The specimen of vitamin (for which we are indebted to Mr. T. W. Birch, 
who originally obtained it from Jansen and Donath) showed absorption bands 
at 2600, 2400, 2100 A., fig. 7, Plate 8, photograph 1. The last two bands have 
not reproduced well on the print. Since the crystals were impure, it was not 
knovm whether any of these bands could be associated with the vitamin 
molecule. 

Irradiation for 1 hour with X 2637 (which falls within the first band only) 
destroyed the band at 2600; and left the bands at 2400 and 2100 A. un¬ 
affected, photograph 2, fig. 7, Plate 8. The irradiated substance, with the 
2600 band almost gone and the other bands intact, was tested for biological 
activity by Mr. Birch. Almost all of the activity was destroyed. 

It became probable that the 2600 band was characteristic of the biologically 
active molecule; and either all the bands are due to the same molecule as 
2600, but depend upon a group which is unaffected when the 2600 is destroyed, 
or else the short wave-length bands are not produced by the same molecule 
as the 2600 band. 

The conclusion that vitamin B^ possesses an absorption at 2600 A. is in¬ 
evitable unless we assume the hypothesis of a secondary photochemical change. 
The molecule responsible for the 2600 band could be different from the vitamin 
molecule originally, but might become photochemically activated or dissociated 
by the irradiation and so react with the vitamin molecule. If that occurs, the 
disappearance of the 2600 band would not prove that the band was characteristic 
of the vitamin. 

The complication of a secondary photochemical change is unlikely under the 
conditions of the experiment, and is particularly improbable for so stable a 
molecule as vitamin B^, Further experiments argue against it. An effective 
way of destroying B| activity by ohenoical method is to heat it with an alkali; 
a specimen thus treated, and with its B^ activity destroyed, was examined 
spectroecopioally. It showed a similar absorption spectrum to £he irradiated 
product, photograph 3, fig. 7, Plate 8, the bond at 2600 had again disappeared 
and the bands at 2400 and 2100 remained. 
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A ooirelatioa of vitamin activity with abaoiption at 2000 was therefore 
established. This does not mean that the head o[ the band is nooesaaiily 
sitoated exactly at 2600. More detailed irradiation experiments over narrower 
limits would be necessary to decide this but it does show that vitamin B| 
must possess a strong absorption at X 2600. More recently Heyroth and Loof- 
bourow (1932) have measured the absorption at 2600 in a large number of 
vitamin B^ concentrates and conclude that it is characteristic of the vitamin. 
In a still later paper Peters and Philpot (1933) find that a new and stronger 
preparation (Kennedy and others, 1933) has an absorption maximum at 
X 2450 with a “ slight hump ” at X 2600. They do not find, however, any 
marked correlation between the 2460 band and the activity. Their absorption 
spectrum bears a general resemblance to the spectrum we observed for the 
Jansen and Donath preparation except that in the latter the “ hump ” at 
2600 was more pronounced. 

§6. Vitamin A. 

The characteristic bands of vi tamin A and its biological precursor carotene 
have been known for some time. Vitamin A has apparently only one band, 
at 3280 A. which is connected with the vitamin molecule itself. Carotene 
in cyclohexane has a well-marked band system in the visible with maximum 
at 4860, 4640 and 4280 A. and a band in the ultra-violet at 2700. 

Irmdiation of Vitamin A. 

A concentrate of vitamin A was irradiated by X 3130. The band at 3280 A. 
quickly disappeared and the product was transparent down to 2000 A. 

Heilbron and Morton had already observed that the foil light from a meicuiy 
lamp destroyed the band at 3280 A. 

Irradiation of Carotene. 

Carotene was irradiated by 2660 for 2 hours in an atmosphere of nitrogen. 
The carotene band was partially destroyed and a new band developed in the 
region of 3280 A. (Bowden and Snow, 1932). Under the conditions of the 
experiment, the band was indistinguishable from the 3280 band of vitainin A; 
the solution was tested with antimony trichloride and gave the Carr-Prioe 
increase of the colour ratio of blue to yellow. The substance produced by 
irradiating edrotene, the known biological preoursor of vitamin A, thus gave 
the two accepted pAysiool tests for the vitunin. The foots were striking, and 
it was obviously important to apply rigorous tests to decide whethw the product 
was identical with vitamin A. 
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Clearly, tbo only ultiniate test for the biologioal activity of a molecule is its 
action on animals. For carotene and vitamin A, the biological test is par¬ 
ticularly difficult, since carotene itself is converted into vitamin A in the body of 
the animal. This difficulty was pointed out by Heilbron and Morton (1332) 
who also advanced reasons why the irradiation product could not be identical 
with vitamin A. In the ciroamstancoa it was desirable to develop more stringent 
physical criteria to apply to the irradiated product and to vitamin A, in order 
to test whether they were the same, before resorting to the biological test. 

We wish to express our thanks to the Royal Society for a grant to one of 
us (F, F. B.) for the monochromator. 

Summary, 

A method is described for the production of monochromatic light of sufficient 
intensity to bring about reasonably rapid photochemical changes. The 
irradiation can be performed on very small amounts of material and the progress 
of the reaction followed spcctrosoopioally. Selective monochromatic irradia¬ 
tion is applied to some of the large molecules of biological importance notably 
ergosterol and calciferol, vitamin carotene and vitamin A. 
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Physico-Chemical Studies of Complex Organic Molecules. Part 11.— 
Absorption Spectra at Low Temperatures. 

By F. P. Bowden and S. D. D. Morris, Laboratoiy of Fhyaical Chemiatiy, 

Cambridge. 

(Communicated by T. M. Lowry, F.R.S.—Received December 27, 1033.) 

[PUTB 0.] 

The physical criterion which has proved most valuable in distinguishing 
between difierent complex molecules is the absorption spectrum, but the 
absorption spectra have nearly always been measured in solution at ordinary 
temperatures, and usually give broad structureleBs bands. These bands 
frequently appear similar for difieront molecules, and are obviously unsatis¬ 
factory for the purpose of recognising a particular molecule and disting^uishing 
it uniquely. The ideal data for spectroscopic recognition are lines which ate 
peculiar to a given atom or molecule. 

At low temperatures the bands of many molecules develop a structure with 
a considerable amount of detail (Kronenberger, 1930 ; Conant and Crawford, 
1930; Arnold and Eostiakowsky, 1932; Spedding and Bear, 1933; Robertson, 
Fox, and Martin, 1934). This is probably due to two main factors: (i) the 
ground state of the molecule is simplified at low temperatures by the 
elimination of all but the vibrational states of lowest energy; and (ii) the 
Stark eSects of the molecular fields of neighbouring molecules is rendered 
more constant as the molecules become quiescent, consequently the blurring 
is reduced. Both eSeots tend to diminish the width of the absorption bands 
and to bring out details of structure which cannot be recognised at atmos* 
pherio temperature. The development of structure will not be a property 
of all molecules; those, whose upper state of the electronic transition oor« 
responds to dissociation or to “ predissociation,” will have bands continuous 
under all conditions. But for a very large number of molecules, it should be 
possible to obtain structure at low temperatures, and in all oases narrowing 
of the bands should occur. 


Hjuid Air Teeksigut. 

In order tot, observe the absorption spectrum of a dissolved substanoe at low 
temperatures! it is es s e n tial that the solvoit should not give an opaque crystal* 
line mass froaen, but should remain fransparent. Several solvents have 
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been lued, but a very suitable one is ethyl alcohol, which solidifies to a trans¬ 
parent glass when cooled quickly. 

The apparatus for freezing the solution and measuring the absorption spectrum 
at temperatures near that of liquid air is shown in fig. 1. 

The solution was held in the small 
cylindrical cell O made of heavy brass and 
fitted with quartz end plates. A heavy 
copper rod R connected the cell to a 
copper tube T which was sealed on to the 
outside glass vessel. Quartz windows 
were attached to the short side arms A 
and the interior of the vessel was silvered 
to diminish radiation. The top of the 
cylinder was closed by a ground glass 
stopper carrying a tube for liquid air. 

After filling the cell with the solution, 
liquid air was first poured into the stopper 
so as to condense the water vapour and 
carbon dioxide present in the vessel and 
prevent them ftom fogging the quartz 
windows. The copper tube was then im¬ 
mersed in liquid air and, after allowing 
time for the alcohol to cool to a viscous 
liquid, the vessel was evacuated. The 
alcohol solidified and was cooled to a temperature near that of liquid air, 

Absarjjiion Spectra of Vitamin A, Carotene and Irradiated Carotene at 
Liquid Air Temperature, 

Under these conditions of freezing and coining to a low temperature a 
solution of carotene in ethyl alcohol showed a marked sharpening of the three 
bands in the visible and the development of a new band (Bowden and Snow, 
1932). The effect is shown in photographs 1 (a) and 1 (6), Plate 9. Photo¬ 
graph 1 (a) at room temperature shows the carotene bands at 4790 A., 4440 A., 
and 4200 A. Photograph 1 (b) shows the effect of cooling. The bands have 
shupened very considerably and have been displaced toward longer wave¬ 
lengths to 4990 A,, 4670 A., and 4350 A., while a fourth band has appeared 
at 4060 A. 
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The uhza-yiolet band of carotene at 2700 A. became sharper at low tempera¬ 
tures, but it was little displaced wd showed no struotore. 

The absorption spectrum of a vitamin A concentrate* at room temperature 
is given in photograph 2 (a) and shows part of the oharaoteristio 3280 A. bond. 
This band is diffuse, but in all the concentrates we have examined it has a small 
but definite subsidiary maximum at 3100 A. The effect of cooling to liquid 
air temperature is shown in photograph 2 (6). The main 3280 A. band is shifted 
to 3360 A, and new bands appear at 2900 A., 2770 A., 2680 A, 2510 A, and 
2430 A. The last three were of low intensity. They can all be seen more 
clearly in the original plates than in the photometrieal record. 

Identically the same structure at low temperatures was found in two 
different B.D.H. concentrates and in a concentrate from turbot liver oil pre¬ 
pared by Dr. T. Moore ^ ~ approx). It is possible that the 
detailed structure may be due to an impurity associated with vitamin A. This 
possibility cannot be excluded from any spectroscopio observation not made 
with pure substances. 

The effect of irradiating carotene in its ultra-violet band at 2700, using mono- 
chromatio light (X 2650), was to cause the development of a new band in the 
region of 3280 A. which at room temperature closely resembled the vitamin 
A band. 

The effect of cooling to liquid air temperatures, however, showed that 
there was a marked difference between them. The new band was shifted 
to longer wave-lengths and broke up into a series of bands at 3780, 3670, 3410 
and 3210 A. This can be seen in photograph 3, Plate 9. The remnant of 
the carotene band at 2700 is still present and the new band shows structure. 
The 3210 A. band is faint and has not reproduced on the photomstered record. 
The 3780 A. band is beyond the limit of the photograph. It is clear, however, 
that the detailed structure at low temperature is quite unlike that of vitamin A 
at low temperature. This more precise spectroscopio test shows that the 
molecule produced by irradiating carotene is different from that associated 
with the band at 3280 A. in vitamin A concentrates. 

Vtlamm E Concentrates. 

Working in collaboration with Dr. T. Moore measurements have been made 
on the absorption spectrum of wheat germ oil and the non-saponifiable fitaction 
from it which are known to contain vitamin B. Evans and Burr (1927) 

* A British Drug House oonoentnte ^ ■■ 1000. 
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showed that the conoentrate possessed a high general absorption but concluded 
that it did not give any definite bands that might assist in following the farther 
concentration of the vitamin. We found that the bands given by the wheat 
germ oil were so numerous and diffuse that it was difficult to disentangle them. 
At the temperature of liquid air, however, the broad diffuse bands became 
sharper and many of them developed a structure so that the task of analysing 
and allotting them was rendered very much easier. The spectrum of the 
concentrate (the non-saponifiaUe fraction) is obviously due to several different 
molecules. Some progress has been made in separating these different 
fractions and their absorption spectra have been described (Bowden and Moore, 
1933, a, b ; Morton and Edisbuiy, 1933; Euler, Hoelstrom and Klussmazm, 
1933). An example of the sharpening of the absorption bands at low tempera¬ 
tures is given in photograph 4, Plate 9, which shows the absorption 
spectrum of the coloured pigment extracted from the concentrate, it will be 
seen that there is a marked improvement in the definition of the bands. 

The effect of cooling has alwa}n9 caused a sharpening of the bands and 
frequently a development of structure, and a shift toward longer wave-length. 
Accompanying this there is an increase in intensity of absorption. 

We are very much indebted to Professor T. M. Lowry for lus constructive 
advice and interest in this work, and to the Department of Scientific and 
Industrial Research for a maintenance grant to one of us (S. D. D. M.). 

Nummary. 

The absorption spectra of some impmlAnt biological molecules have been 
measured at liquid air temperature. The bands of ^ carotene (in ethyl alcohol) 
become narrower and shift to 4990 A., 4670 A., and 4350 A., and a new hand 
appears at 4060 A. The ultra-violet band at 2700 A. becomes sharper but is 
little displaced. 

The main band of vit amin A concentrates at 3280 A. is shifted to 3350 A. 
and new bands appear at 2900 A., 2770 A., 2580 A., 2510 A. and 2430 A. 

The irradiation product of carotene whose absorption band at room tempera¬ 
ture resembles that of vitamin A develops a structure at low temperatures with 
bands at 3780 A., 3670 A., 3410 A. and 3210 A. This more precise spectro¬ 
scopic test shows that the two substances are not the same. 

The absorption Bpeotnun of vitamin E concentrates is due to several different 
molecules and some progress has been made in separating these out. 
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Factors influencing the Orowth of Normal and Malignant Cells in 
Fluid Culture Media 
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[Platss 10-141 

1. Introduction 

In a former communiGation (Ludford, 1933,) attention has been directed 
to difeiencca in the growth of mouse tumours in plasma and serum. With 
the aim of elucidating the significance of these differences, further series of 
experiments have been carried out, which have brought to light new foots 
necessitating the revision of my former conclusions, as well as those of previous 
investigators who have worked with fluid media. At the same time further 
insight has been gained into the complexity of the factors which influence the 
growth of tumours in serum. It has been found that different strains of 
transplantable tumours exhibit individual differences when grown in serum, 
and even tumours of the same strain show marked differences &om time to time. 
Also, both the type of growth and its extent are influenced by the source from 
which the serum is derived, that is, whether it is homologous or heterologous. 
In describing these experiments it will be necessary therefore to deal with 
different strains of tumours separately. 
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2. Mouse Sarcoma 37 

Oonceming this strain of tumour 1 am unable to add anything to the account 
published in my former paper (Ludford, 1933). Neither in mouse Bonun, 
nor in rat serum has it been possible yet to obtain good outgrowths of the 
sarooma oells^ Pure serum and diluted serum; serum, with and without, 
embryo extract; serum from young and old rats, male and female, both 
pregnant and non-pregnant; also difEorent types of cover slips have all been 
tried without influencing the t}rpe of growth. 

In a few cultures small sheets of fibroblasts have grown out after some days. 
These cells ore distinguishable from the sarcoma cells by the manner in which 
they (the former) segregate acid dyes such as trypan blue ; also by their appear¬ 
ance by dark ground illumination. The cytoplasm of healthy fibroblasts is 
clearer than that of sarcoma cells, and the mitochondria appear more filamentous 
and coarser. 

3. Crocker Mouse Sarcoma 

This tumour also has defeated my attempts to obtain good outgrowths of 
malignant ceUs in serum. In the paper previously referred to, I noted that 
occasionally a few sarcoma cells adhered to the cover glass. Less than a doaen 
out of nearly a thousand cultures have shown sarcoma cells well spread on the 
cover glass. This occurred in old cultures which had not been subculturod for 
some days. Most of the sarcoma cells were much enlarged and many had three 
or more nuclei. Examined by dark ground illumination these cells presented a 
remarkable appearance. Their cytoplasm was filled with granules in vigorous 
Brownian movement, unlike the cytoplasm of cells of the same sarcoma grow¬ 
ing in a plasma culture, which shows little movement. It has therefore been 
concluded that the large spread cells in these serum cultures were in a de¬ 
generate condition, which rendered them adhesive to a glass surfaco. 

4. Mouse Sarcoma 2529 

This tumour had not previously been grown in vitro. When transplanted 
into mice it grows more slowly than the Crocker sarcoma, or 37 S. It difien 
ficom these two sarcomata in that it will grow as sheets of malignant cells in 
both rat and mouse sera. In our experiments good sheet growths of maUg- 
nant cells have been obtained in rat serum, when the polyblasts have become 
rounded or degenerate, or after suboulturing several times so as to get rid of 
the polyblasts. Thus a marked difierenoe has been found between culturas 
in which the serum has been renewed, and others which have been subcultured 
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by lemoving the explant to a fresh cover glass and adding firesh medium. 
Fig. 1, Plato 10, represents the result of six-days-growth in rat serum. The 
explant was transferred to a fresh cover with more serum after one day, then 
again after two more days, and the culture was fixed three days later. The 
culture is an almost pure sheet of sarcoma cells, well flattened on the cover 
^ass. Very few polyblasts remain, and thoy are rounded. Fig. 2, Plato 10, 
is a photomicrograph of another six^days-old culture of an explant of the same 
tumour. When the culture shown in fig. 1 was suboultured, that of fig. 2 
simply had the old medium pipetted off and fresh added. Both cultures 
rooeived the same medium at the same time. The pg of two similar cultures 
was token on the sixth day of growth, and found to be the same in both, about 
7*6. Fig. 2 shows part of the extensive outgrowth of polyblasts, which extends 
outwards beyond the limits of the photograph. Only a few well-spread sarcoma 
cells (S) are to be seen. 

Extensive outgrowths of polyblasts are obtained in plasma oidtures of thid 
tumour, and appear to interfere with sheet growth of the sarcoma cells also. 

When tr)rpan blue is added to either plasma or serum cultures of this tumour, 
the spread tiimonr cells are seen to segregate a considerable amount of dye. 
In this respect they differ from malignant cells of the same tumour growing 
in vivo, which, as I have previously described, do not segregate acid dyes as 
do fibroblasts. 

6. Mouse Caroifwma 63 

My former conclusion that this tumour would not grow as sheets of malignant 
cells in serum was wrong. 1 have since found that beautiful sheet growths 
can be obtained in pure, or diluted, mouse serum. Such growths cannot 
always be obtained, and appear to be dependent upon the state of the tumour. 
Since exactly the same technique has been employed in all my later experi¬ 
ments as in some of those previously described, 1 can only attribute my 
published results to the state of the tumour at the time those experiments were 
carried out. It has been clearly established that the growth of transplantable 
tumours fluctuates in vivo from time to time, and this is correlated with 
variations of growth in vi^ro; but even with tumours which have given excelleat 
sheet growths of carcinoma cells in mouse serum, none has been obtained in 
nt serum. 

I should point out here that I had accepted the views of previous warkers 
without having ascertained myself, that mouse and lat sera were equally 
good euituze media for mouse tumouxs, and that in most of my p^vious 
e^MiriQiente rat serum was used. 
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Up to the present time approximately 3000 cultures of this tumour have 
been put up in rat serum, both undiluted and diluted, with various proportions 
of Ringer solution. In all but five cultures growth has been of the type 
described in my former paper (Ludford, 1933). Five out of twenty-four 
explants of one tumour in rat serum showed a tendency to form sheet growths. 
This was a tumour which grew most vigorously in mouse serum forming 
extensive sheets with innumerable mitoses, in twenty-four hours. The explants 
in rat senun, however, did not proceed to form perfect sheets of malignant 
cells. Only in one culture, fig. 3, Plate 11, was there a small imperfect sheet 
at one side of the ezplant forming a striking contrast to the expansive growths 
in mouse serum, fig. 4, Plate 11. Some sheet growths of malignant cells have 
also been obtained in a culture medium consisting of rat serum diluted with a 
hypertonic Ringer solution containing ten times the correct proportion of 
KCL The same tumour in a medium consisting of rat serum with Ringer 
solution showed no sheet growth of the carcinoma cells. 

The difference in the type of growth in mouse and in rat sera appears to 
be due to some influence which the media exert on the adhesive properties of 
the oaroinoma-cell membrane. The following experiment supports this 
view. 

Twenty-four cultures of carcinoma 63 (189 A) were put up in mouse serum, 
and the same number in rat serum. After two days all the cultures were 


Table I--5.12.33. 63/189A 


t days 


2 days 

. 

No. of 

growth 

in 

Typo of growth 

growth 

in 

Typo of growth 

cultures 
out of 6 

UmiM Mram 

Sheet growth! of 

Mouse serum 

lauroased sheet growth 
of carcinoma cells 

6 


oarcinomaoeUa 

Rat serum 

Collapse of sheet growths 
of oaroinoma cells. 
Folyblasts remain 

0 

Rat semm 

Outgrowth of 

Mouse serum 

Sheet growths of oar- 
oinoma cells 

4 


polybUsU 

Rat serum 

Increased outgrowth of 
polybUsts 

6 


washed with two changes of Ringer solution. To half of those previously, 
g rown in mouM setrum a drop of freshly prepared mouse serum was added, 
and to the other half a drop of freshly prepared rat serum. The cultures 
pnviously grown in rat serum were treated in the same manner. The results 
of the experiment are given in Table 1. 

u 2 
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That the oaroinoma oella of the ezplant, which has been fbr two days in monae 
semm, tiien for two days in rat serum, are not all destroyed has been shown by 
•ubculturing the explants again with mouse serum when fresh sheets of oar¬ 
oinoma cells have grown out. Sheets of oaroinoma cells have also grown 
from the rounded explants which have been four days in rat serum, twenty-four 
hours after transferring them to mouse serum. 

This experiment has been repeated with similar results, but in another 
ejqteximent in which extensive growth of carcinoma cells had ooonned in 
mouse serum, the change to rat serum did not bring about destruction of the 
sheets ; although after forty-eight hours these cultures showed greater collapse 
of the sheet growths than those which had remained in mouse serum ail the 
time. 

These experiments point a warning to the use of semm cultures for thera¬ 
peutic experiments, for if the adhesion of the cells to the cover glass is altered 
so that the cells become detached, then deprived of a sapport they round off 
and degenerate. As previous investigators (see Fischer, 1930) have pointed 
oat, if cells ore not supplied with some sort of snpportthey cannot grow tnvttro. 

Further support for this view is afforded by the fact that this tumour will 
grow as sheets of carcinoma cells, either in mouse plasma, or in rat |dasma. 
The latter, with fowl plasma added to delay liquefaction, constitutes a good 
medinm for obtaining large sheet growths of caroinoma cells, the fibrin of the 
clotted plasma supplying the necessary support for the oaicinoma cells. 

Some cultnres of this oaroinoma in rat semm have exhibited outgrowths of 
multinacleate giant cells, in addition to the polyblasts, fig. 6, Plate 11. These 
have been moot numerous in cultnres made from tbe bmmorrhagio core of 
certain types of tumour, from which the more common central necrosis was 
absent. These multinncleate giant oeUs ate readily distinguishable firom the 
carcinoma cells by their different nuclear structure, and the manner in which 
they segregate trypan blue. 

In a few cultures in rat serum, after several days fibroblasts have grown 
out from the explants, spreading themselves on the glass. By so doing they 
appear to have provided a support for a certain number of carcinoma colls to 
wander out. Occasional tongue-like outgrowths of oaroinoma cells also present 
the appearance of having been drawn ont by the outgrowth of fibroblasts. 
They have not been seen to grow into sheets, but usually become detached from 
the c^ass, and shrink back to the explant. 

Altiioagh a good sheet growtii oatoiiioma cells has not been obtained in 
mt sernm, yet ontgrowths have been obtamed in fold serum. The number of 
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onHnres out of twelve showing sheet growths of oarcinoma cells in an experiment 
with different media was as follows :— 

14.11.33. 63/187B 

Mouse serum Rat serum Fowl serum 
6 0 4 

It is of interest to note that mouse and fowl sera are slightly more viscous 
and opalescent than rat serum. 

6. Mouse Carcinoma 206 

(a) Ofowlh in Mouse and Rat Sera —^This is the other tumour, the account 
of which in my former paper requires correction and amplification. Some 
tumours of this strain can be grown as sheets of carcinoma cells both in mouse 
serum and in rat serum. The best sheet growths have been obtained in mouse 
serum, although the carcinoma cells tend to contain more fat droplets than in 
rat serum. The percentage of sheet growth of oarcinoma cells obtained varies 
very considerably from time to time. Some tumours have not given a single 
outgrowth of carcinoma cells in twenty-four cultures put up in rat serum 
Usually some sheet growth occurs in mouse serum, but negative results have 
been obtained. The difiercnco between growth in rat serum and rat plasma 
is often very striking as in the following experiment:— 

21.4.33. 206/599A 


12 cultures in rat serum . No sheet growths of carcinoma cells, but 

large outgrowth of polyblaats with some 
fibroblasts. 

6 cultures in rat plasma. Extensive sheet growths of carcinoma cells 

with polyblasts. 


Although the experimental conditions ore kept as near constant as possible, 
yet when it is essential to employ such a complex medium as serum it is 
impossible to eliminate the possibility of variations in its composition when it 
must of necessity be obtained from different animals over a long period of 
experimentation. That differences in growth depend upon the state of the 
tumour, irrespective of variations in the medium, is seen when two tumours 
of different generations are put up at the same time in the same medium. 
The results of a recent OTpmxDmt are given in Table IL 
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TaUe II^Number of Cultures out of Twelve showing Sheet Growth of 
Carcinoma Cells in the same Media 

206/81SA 208/IS16A 

In nt Mnim. 4 0* 

In mouM ■omm . 5 11 

* These oultDrei showed an extensive outgrowth of poIyUasts, 

The age of the rats from which the semm has been obtained has not been 
found to influence the outgrowth of carcinoma cells, but diluting the serum 
with distilled water appears to inhibit the growth of caroinoma cells. The 
results of a typical experiment are given in Table III. 

Table 111—9.5.33. 206/601A. Number of Cultures out of Twelve showing 
Sheet Growth of Carcinoma Cells 

fiemm from 7-weelu-oId Seram /tom oid rat (2^ ymuv) 

rat t -^ 

Undiluted 2, aenim ; 1, water 2, water; 1, serum 

10 9 4 0 

The type of growth obtained from explants of carcinoma 206 varies con¬ 
siderably. Small fragments of some tumours grow as perfect sheets of beauti¬ 
fully spread caroinoma cells with very few or no polyblasts. Explants of 
other tumours give rise to a considerable growth of fibroblasts in addition to 
carcinoma cells and polyblasts. The fibroblasts frequently extend beyond 
the carcinoma cells as Drew (1923) described, but no indication has been 
found of fibroblasts bringing about difEerentiation of the malignant cells. 
In some cultures there are very few caroinoma cells but numerous fibroblasts, 
the growth of which can be maintained by subculturing. Fig. 6, Plate 12, 
shows such a culture, seven days after subculturing. Trypan blue was added 
to this twenty-foiir hours after explantation. The fibroblasts segregated the 
dye in the characteristic manner as fine droplets, 

I have pointed out above that explants of some tumours give rise to out¬ 
growths of polyblasts alone. This can occur in an alkaline medium, as the 
following experiment shows;— 

12.4.33. 206/098A 

Me di u m r R at serum prepared six da 3 rg previously, and kept in a cotton- 
wool-phigged tube in an ice safe, pa 8*4. To some of this aenim laotie aoid 
was added giving approx. 6*0. 
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Of 12 cultures in medium with 8*4, eleven showed extensive outgrowths 
of polyblasts. 

Of 12 cultures in medium containing lactic acid, pn 8*0, none showed any 
growth, 

Kg* 7, Plate 12, is a photomicrograph of a part of the extensive growth of 
poly blasts in a acven-days-old culture in alkaline serum, pu 8-4. 

(b) GrowtA in Immune Rat Serum —Since the malignant cells of mouse 
carcinoma 206 will, under favourable conditions, grow in the form of sheets 
of well-spread cells in rat serum, cultures of tliis tumour afford a favourable 
material for investigating whether the serum of animals resistant to the growth 
of transplantable tumours exercises any injurious action upon cancer colls. 
Experiments have therefore been carried out with the serum of rata resistant 
to the growth of the Jensen rat sarcoma. In the course of the routine trans¬ 
plantation of this tumour rats in which the tumour failed to grow were put 
aside. At subsequent routine transplantations these received further inocula¬ 
tions with minced tumour (usually 0*1 cc). At the same time as most inocula¬ 
tions were made, some of the same tumour was put up as tissue oultures. On 
each occasion this was done, growth of the malignant cells occurred in vUto, 
In none of the resistant rats did tumours grow at any time. Serum from these 
rats was prepared jjnmediately before setting up the cultures. The design 
and results of an experiment are given in Table IV. 

Table IV—22.11.33. 206/610A. Number of Cultures out of Twelve showing 

any Sheet Growth of Carcinoma Cells 

Monao Rat Serum of 

aenun aenim resiatant rat* 

UndUuted . 11 1 fl 

Diluted with I Ringer aolution . 12 7 8 

The bold flgurca denote more exienalvo growtha. 

* Dates on which reaiatant rat was inoculated with Jozuen rat aarcoma: 21.0.33, 4.7.33, 
18.7.33, 1.8.33, 15.8.33, 20.8.33, 7.9.33, 10.10.83, 24.10.33, 8.11.33. 

Growth in this experiment was best in mouse serum, and rather better in 
the serum of the resistant rat than in that of a normal rat, but in a seoond 
experiment there was no difference between the growth in the two latter 
media. 

Another type of experiment has been carried out and the results are given in 
Table V. 

In this experiment the sera prepared on the first day of the experiment 
were used when the media were ohanged after the first two days growth, the 
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media having been kept in the meantiine in the ioe safe. The oritioism might 
therefore be raieed against this experiment that any spedfio anti-malignant 
bodies present in the serom of the resistant rats might have lost their potmoy 
after two days. Another experiment was therefore performed. Cultures of 
the tumour were made in normal mouse serum. After 48 hours twelve of the 
best sheet growths were selected and the serum of six was renewed with some 


1 

Uotwe »enim. 


Table V—28.11.33. 206/611A 


Days 

-A-, 

2 3 4 

. Mouae aerum . 

RosirtMit rat lerum. 


Number of cultuns out of 0 
■bowing good ■beet nowth of 
m^gnant oeUB 

0 

4 


Reabtant rat •orom* . Resistant rat nenim . 5 

Mouse serum .. . 4 


* Dates on whlob resistant rat was inoculated with Jensen rat sarcoma : 4.7.83* 18.7.33* 
l.a33* 1A.S.33* 20.8.33, 7.0.33* 10.10.33* 24.10.33, & 11.33. 


fieohly prepared serum from a young rat, and of the other six with some freshly 
prepared serum from a resistant rat, which had received twelve inooulationa 
with Jensen rat sarcoma. There was no appreciable difierenoe between the 
subsequent growth of the twelve cultures. Fig. 8, Plato 13, shows numerous 
mitoses in a culture which had grown for two days in mouse serum, and for a 
farther day in resistant rat serum. 

Such experiments as these fail to give any insight into the immediate result 
of applying serum from a resistant animal to a healthy culture. It is con¬ 
ceivable that the serum may contain specific anti-cancer bodies in such a 
dilntion that it could only act upon the well-spread cells at the extreme peri¬ 
phery of the growth, and these cells may ultimately recover. That this is 
not so has been determined by taking two-days-old cultures in which the 
carcinoma cells have grown as sheets in mouse serum, washing off the medium 
with Ringer solution, then adding a drop of freshly prepared serum from a 
resistant rat which had received twelve inoculations with Jensen rat sarcoma. 
Such cultures have been transferred to a warm box at 37° C, and kept under 
observation for two hours, both by transmitted light and by dark ground 
ilhunination, Ufa injury to the oarcinoxna cells was observed. Examination 
by dark ground illumination is probably the best cytologioal method for 
detecting injury to cells. I have observed filamentous mitochondria in colturee 
to which very dilute sohitionB of slightly toxic substances have been introduced, 
break up into short rodlets, become granular and then vesicular in less than 
5 minutM. Injury to the cell is also shown by an increased rate of movement 
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of cell grannlea, followed by coagulation, whioh is readily distinguishable by a 
cloudy appearance of otherwise clear cytoplasnii The nucleus also readily 
shows coagulation. Bright light alone for a short time brings about these 
ohaziges. However, after an hour in immune ” scrum the well-spread carci¬ 
noma cells at the periphery of a sheet growth showed no changes, either nuclear 
or cytoplasmic. Figs. 9-ll| Plate 13, show the typical rod-shaped mitochondria 
(m) in oaicinoma cells whioh have been bathed for an hour with the serum of a 
resistant rat, whioh had received twelve inoculations with Jensen rat sarcoma. 

I am led to conclude, therefore, that the mouse carcinoma 206 grows equally 
well in normal or “ immune ” rat serum. There is no evidence that the serum 
of a rat resistant to the growth of a transplantable tumour (JBS) contains 
anything inimical to the growth of mouse carcinoma 206. 


7. Other TransplarUable Tumours of Mice 

In addition to the tumours so far described, attempts have been made to 
grow others in rat serum. These include transplantable tar carcinomata 2146 
and 173, mammary carcinomata 27, 113, 91, Twort carcinoma, and the Bonne 
tar sarcoma. Some outgrowth of carcinoma cells has occurred from e^lants 
of carcinoma 27, but relatively very few cells have spread on the cover 
glass, A good sheet growth has not been obtained. With none of the other 
tumours was there any outgrowth of malignant cells. 

Sufficient work has not yet been carried out with these tumours to draw 
definite conclusions as to their behaviour in rat serum. Even a tumour such 
as 206, which gives extensive sheet growths at times, will sometimes fail to 
show any outgrowth of carcinoma cells, so that it is inadvisable to draw con¬ 
clusions as to the behaviour of any tumour until one has studied its growth over 
a considerable period of time. 

8. Jensen Rat Sarcotna 

(o) Qfofwih in Normal Bat Serum —cytological study of tissue cultures of 
this tumour has been made by Fell and Andrews (1927) who worked with both 
plasma and serum cultures. They figured good growths of sarcoma oells in 
serum and distinguished between the fibroblast-like cells, and the cells of the 
monocyte-macrophage type, whioh I have called polyblasts in this com¬ 
munication. 

The best sheet growths of this sarcoma are obtained when there are relatively 
faw polyblasts, or after these cells have been eliminated by transferring the 
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explanta to fresh cover glasaea. Thiu in an experiment tiie following reralte 
given in Table VI were obtained. 

Table VI—28.3.33. JRS/415A 

KzpUnt truufoired to new coven Serum renewed on the eecond and 

on the leoojid and fourth day Cburth day 

Nine oultum out of 10 ahowed good Klght onlturei allowed exienaive out- 

aheet growth of aarooma eella on aixth growth of ^lyblaata, and aome acattered 

day. Very fS»w polyhlaata. aarooma oeUa on aixth day. 

It is not neceseaiy that the explant should be transferred to a £reah cover 
glass to obtain sheet growths of the sarcoma cells, for excellent growths have 
been obtained by moving an explant to another part of the same cover slip 
away £rom the outgrowth of polyblasts. Fig. 12, Plate 14, shows the growth 
obtained from an explant, which hod been moved in this manner, after three 
days in rat serum. The culture was 6xed two days after moving the explant 
away from the original outgrowth of polyblaats, part of which, with scattered 
sarcoma cells, is shown in fig. 13, Plate 14. Oiowths of this sarcoma have 
also been obtained in mouse serum, but the sarcoma cells then usually contain 
more fat droplets than do the cells of the same tumour grown in rat serum. 

(b) Growth tn (be Serum of Resistani Rais —Serum from rata resistant to 
Jensen rat sarcoma, which bad received repeated injections of tumour emulsion 
as described on p. 285, has also been used to grow this tumour in vitro, A 
typical experiment is given in Table VII. 


Table VII—18.7.33. JRS/419A and Fibroblasts 



Serum from 

Benim from 

Benim from 

tumour-bearinK nt 

normal rat 

mutant rat 

Number of oultum out of IS of 

(AutologoaB) 

(Homologoua) 

(*‘ Immune *’) 

JRS thowing growth of aarooma. 
oelb . 

10 

11 

10 

Number of culture* out of 12 of 




rat embtyo heart ahowiug 
growth of fibrobUaU . 

8 

10 

12 


Seven such experiments have been performed. In general the growth obtained 
in ** immune and homologous serum has been very similar, although on the 
whole slightly better in “ immune ” serum. Growth in autologous serum has 
not usually been quite so good. Nothing analogous to Woglom’s (1938) 
results in vivo with Crocker rat sarcoma 39 has been obtained. 


9. Ckher Sat Saroomata 

Two other rat sarcomata, Nos. 41 and 46 of this Laboratory, have also been 
grown in rat serum, and have given good sheet growths of sarcoma cells. 
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Bftt sarooma 46 was also grown in the serum of rata resistant to JRS. The 
sarcoma cells grew rather better in the “ immune serum than in the aerum of 
normal rata. 

10 . Discmnon 

(a) The Nalute of the Qfowtk in Fluid Media —The experiments which have 
been deacribed have shown that the different strains of mouse tumours exhibit 
apeoifio variationa when grown in mouse and rat sera. By the technique we 
have emplo]red some strains of tumours have grown as extensive sheets of 
malignant oeUa in both sera; others in neither; while there are tumours 
which have given extensive sheet growths in mouse serum and nothin rat 
serum. It is interesting to observe that polyblasts and frequently fibroblasta 
grow out from explanta of all tumours in both sera. The carcinoma 63 has 
been grown in sheet form in both mouse and fowl sera, only very rarely has 
there been a tendency to shoot growth in rat serum. The latter medium can 
even bring about the complete destruction of sheets of malignant cells, leaving 
poly blasts uninjured. As I have already pointed out this does not necessarily 
mean that rat serum is toxic to the carcinoma cells of this tumour, because 
malignant cells of explants put up in rat serum will grow out when transferred 
to mouse serum. Also 1 showed in my previous paper that carcinoma cells 
within the explant undergo active division in rat serum. Whether colla will 
migrate &om the explant or not in a fluid medium depends probably upon the 
capacity of the cells to adhere to the cover glass in that particular medium, 
rather than upon the growth inhibiting or stimulating properties of the medium. 
A toxic substance may destroy all the cells both of the outgrowth and of the 
explant; but a medium which will permit of cell growth may yet prevent any 
outgrowth on the cover glass. Sheet formation has been obtained in viiro 
which presents the appearance of having arisen as the result of ceils migrating 
from the explant, without any evidence of division having occurred. Thus in 
some cultures of the skin of the salamander larva extensive growths of epi¬ 
dermal cells were obtained ; but no coll division was observed, either before 
or after fizatiem. 

The variations in the type of outgrowth obtained with any one strain of 
tumour when it is cultured over a long period presents fresh problems. The 
number of polyblasts migrating from a tumour explant depends principally 
upon the extent to which the animal in which the tumour grew had opposed 
resistance to its growth. In my previous paper I pointed out that a very 
extensive growth of polyblasts is obtained from explants of tumours the growth 
of which had begun to be arrested mi vivo. A young vigorously growing 
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tnmonr vhen grown tn vitro osuAlljr gives rise to very small outgrowths of 
polyblasts, oooasionally none at sU. It is snoh turnonn which prodnoe the 
best sheets of malignant cells when grown in a suitable mediinn. 

It is highly probable that variations in growth also depend upon difierenoes 
in the serum from different animals. Until a suitable synthetic medium oan 
be prepared this aspect of the problem tenuuns beyond an e^erimental 
analysis. 

(b) Variatiotu in the State of Activity of Malignant Cdls and Qromth tn Fimd 
Media —^Besides the extrinsic factors which influence the growth of malignant 
cells tn vitro, our experiments indicate that there are other factors intrinsic 
to the cells. The technique employed is exonerated from entire responsibility 
for differences in growth occurring from time to time by the fact that two 
tumours of the same strain but different generations behave differently when 
put up in the same medium at the same time. We do not know what cellular 
changes are responsible for these fluctuations in growth, but since they also 
influence the adhesion of the cells to a glass surface they probably involve 
alterations in the colloidal state of the cells, or at least of the cell membranes. 
As yet we have not been able to control these changes experimentally, and are 
therefore unable to say how any tumour may behave in fluid media under 
special conditions, so it is at present inadvisable to make absolute statements 
about the growth of any tumour in serum. There may be some phase in the 
growth of all tumour cells when they will grow in sheet form in serum. If so, 
we have never eiplanted sarcoma 37, or the Crocker sarcoma at this oritioal 
stage. 

Apart, however, from how tumours may behave on some rare occasions when 
one asBumea they are in a peculiar phase of activity, it is possible to speak 
of the general type of their growth in serum. Thus one oan be reasonably 
certain of being able to obtain an outgrowth of malignant oells of mouse 
sarcoma 2629 in rat serum, but not of sarcoma 37; also of mouse carcinoma 
206, but not of carcinoma 63, There is no doubt about the marked differences 
in the general behaviour of the different strains of tumours when eiplanted in 
mouse and rat sera. 

(«) The Beaation of Malignant Cdb to Trypan Blue —In my former paper 
I suggested that the failure of mouse cancer oells to wander out on a ^ass 
surface might be due to an' increase in the fat or lipin content of their plasma 
membranes, which would also offer an explanation of their inability to segregate 
a water soluble dye, such as trypan blue. It is of interest to note in this 
oomneotioa that the malignant oella of sarcoma 37 and the Crocker sarcoma, 
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which have not been grown in sheet form in either lat of mouse sera, do not 
segregate trjpan blue as do fibroblasts in vivo or in vitro. On the contrary, 
the malignant cells of sarcoma 2029 are not staiiied in vivo by injections of 
trypan blue sufficient to stain intensely fibroblasts and polyblasts of the 
stroma, yet these sarcoma cells grow as sheets both in rat and mouse sera, 
and can be vitally stained by the addition of trypan blue to the cultures. 
The cells of the rat sarcomata that have been studied present similar peculiarities 
(Ludford, 1932, b). When cells spead themselves out in tissue cultures their 
surface areas are considerably increased. The increase is greatest with the 
widely spread cells around the periphery of a sheet growth in serum. Such 
cells are frequently reduced to little more than a film of protoplasm adherent 
to the cover glass, which is apparently under a tension, because injurious agents 
acting upon such cells cause them to contract and round oS; even a brilliant 
light is sufficient to bring about this shrinkage, Amniming therefore that with 
well-spread cells the plasma membrane is stretched, alteration in its ultra- 
microscopic structure is highly probable. When such cells are bathed with a 
dye solution maintained at a higher concentration than is possible in vivo, 
dyestuff may be able to penetrate although unable to do so under the con¬ 
ditions obtaining m vivo. The fact that some malignant cells are able to 
spread out on a glass surface in serum, and not others, would have to be 
attributed to differences in the colloidal state of the protoplasm of the various 
strains of tumours. 

In support of this conoeption it is worthy of note that when well-spread 
tumour cells growing in plasma cultures to which trypan blue has been added 
are examined under dark ground illumination, dye droplets can often be 
observed in their cytoplasm although these escape detection when examined 
by transmitted light. This applies to the spread cells of most of the strains 
of tumours, even those such as the Crocker sarcoma, which under more normal 
oonditiona of growth do not segregate add dyes. 

{d) The Bdaitim bedoeen MaXignaM CeUe and Polyblosts—That there is 
some relation between cells of the macrophage type and sheet growth of 
malignant cells has been indicated by several of our experiments. The con 
ditions under which we have obtained sheet growths of malignant cells in 
suitable fluid media have been ;— 

(1) when the explant (xmtains no polyblasta, or very few; 

(2) when the polyblaata have wandered well ont into the medium away 
from the explant; 
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(3) when the polyUasts have been filled with £ftt dropleta, or become rounded 
and apparently inactive; 

(1) when the polyblaste have been eliminated by sabonltnring. 

Certain strsine of tumours, which I have already mentioned, have not yet been 
grown as sheets of cells under any of these conditions. 

No evidence has been found that the polyblasts produce substances injurious 
to the malignant cells ; their action seems rather to be a mechanical one. 

Unlike the conditions existing in plasma cultures where cells can migrate 
from the explant on the fibrin reticulum, in serum cultures the cells have only 
the surface of the cover slip for their support. Hence a large outgrowth of 
active polyblasts may tend to crowd out the malignant cells. Then the poly- 
bkats are actively phagocytic. In living culture they have been seen to 
clasp the processes of malignant oeUs causing them to retract. By their 
phagocytic efforts they appear to offer resistance to the attempts of the 
malignant cells to move along the surface of the cover glass. 

(e) Immunity to the Growth cf Transplantable Tumours —So far as my previous 
criticism of Lumsden’s (1931) work on immunity in vitro was based on my 
erroneous conclusion that in serum cultures only non-malignant cells wander 
out from the explants,I unreservedly withdraw it. One of his photomicro¬ 
graphs shows that he had obtained emigration of malignant cells (Lumsden, 
1931, fig. 7), but the culture illustrated was not shown treated with 
immune serum.” The crucial point of my criticism of his work was, and 
remains, that he failed to distinguish between malignant cells and cells of the 
monocyte-macrophage type. In the experiments which he performed with 
mouse carcinoma 63, his photomicrographs show that he mistook the cells of 
the monocyte-macrophage series for caroinoma cells. This is clearly evident, 
as 1 pointed out in my former paper, in figs. 9,11, 18,24, and 25 of tamoar 
63 in the recent review of his work, in the ‘ Amer. J. Cancer,’ 1931 ” (Ludford, 
1933, p. 269). He frequently employed rat serum as a culture medium for 
this tumour, failing to recognise, as described in this communication, that 
apart from very exceptional oircumstanoes, only cells of the monoojrte-macro- 
jdiage type migrate from the explants in this serum. His figures do not show 
malignant cells. I pointed out in my previous paper that any substances for 
which a specific destructive action on cancer cells in vitro, is claimed, as 
Lumsden has done (1931, p. 690), should leave the cells of the monooyte- 
BMunophage type uninjuied, while destroying the malignant cells. Lomsdan’s 
photaniorographs (1931) show that his “ immune sera ” destroy the non- 
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malignant oeUs^ but fiul to reveal the fate of the malignant cella. My identi¬ 
fication of the oellfl of the monoGyte-maorophage type is baaed upon the follow¬ 
ing oonaiderations. 

(i) Their morphology: relatively small nuclei, vacuolated cytoplasm, 
irregular shape and outline : and their active movement. 

(ii) Their characteristic appearance by dark-ground illumination : relatively 
large vacuoles and granulefl near the nucleus, and clear peripheral cytoplasm 
with rod-shaped mitochondria. 

(iii) Their intense staining with tr)rpan blue, which renders them readily 
distinguishable &om malignant cells even in those strains of tumours, the 
malignant cells of which show some vital staining. 

(iv) The vital staining of their cytoplasmic vacuoles with basic dyes such as 
neutral red. The coloured vacuoles charactoristioally form a group at the 
side of the nucleus (Lewis, 1927). 

(v) The same kind of cells migrate from the explants of all typos of tumours, 
sarcomata and carcinomata. They can be most easily distinguished from the 
malignant cells when the latter are eiDoeptionally large carcinoma 27), or 
when the malignant colls contain well-defined inclusions as in carcinoma 27, 
Passey's melanotic sarcoma, or Foulds* mast cell sarcoma. 

(vi) With suitable tumour explants it is possible by repeated transference 
to fresh cover glosses and fresh medium to eliminate the non-malignant cells, 
and obtain a relatively pure culture of the malignant cells (p. 280), see also 
Carrel and Ebeling (1928). 

(vii) The same type of cells migrate from the explants of non-malignant 
tissues, especially in cultures of lymph node, and embryonic skin. 

1 contend that so far as one is able to judge from Lomsden's photomicrographs 
he did not investigate the action of his immune sera on cultures of vigorously 
growing malignant cells. It therefore seemed desirable to reinvestigate this 
aspect of the problem. My experiments with the Jexisen rat sarcoma com¬ 
pletely confirm his conclusion that, ** if the serum of a rat immunized against 
JRS is applied to ooltares of rat-grown JRS cells, it does not injure them 
. . (Lumsden, 1931, p. 693). In the same paragraph he states that the 
serum of a rat rendered “ hyper-iznmime ” to Jensen rat sarcoma contains 
specifically anti-malignant bodies which have markedly deleterious efifoots 
upon mouse-grown M.6S c^lls. In my experiments with this tumour it was 
found that the sheets of malignant cells grown in mouse serum oould often 
be destroyed by the addition of the serum of a young normal rat, and 1 have 
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•nggeflted that thia result is due to the adhesion of the malignant oella to the 
sniface of the cover glass being altered by rat senun. It was necessary, 
therefore, to experiment with a tamoar the malignant cells of which would 
grow well in sheet form in normal rat serum. Such a tumour is the mouse 
carcinoma 206. When the serum of a rat “ hyper-immune to JRS ” was 
applied to healthy cultures of this tumour grown in mouse serum, no deleterious 
effects, either immediate or late, were observed (p. 288). 

If the serum of an animal resistant to tumour growth contains nothing 
inimical to the growth of malignant cells, how then are we to explain the 
failure of a tumour graft to grow in a resistant animal ? I would 
tentatively that it is the cells of the monocyte-macrophage series which are 
principally responsible. Murphy (1926) has previously expressed similar 
views. Around a tumour graft in a resistant animal they collect in large 
numbers (Mottram and Russ, 1917) forming a barrier depriving the malignant 
cells of adequate nutrition, and preventing fibro'CAts and capillaries from 
growing in and forming a stroma (see Russell, 1908; Woglom, 1912). By 
their phagocytic activities they interfere with the malignant cells, attempt to 
throw out protoplasmic processes in mir search for a support on which to 
wander out into the surrounding tissues. Thus the malignant cells are 
segregated so that they slowly die, mleas the macrophage barrier is broken 
down or these cells are inactivated as in my experiments with acid dyes and 
metallic coUoids (Ludford, 1932, a). 


11. Summary 

(1) By the technique we have employed significant differences have been 
found in the behavionr of different strains of tumours in mouse and rat sera, 
figs. 3 and 4, Plate 11. Some tumours have not been grown os sheets of malignant 
cells in either mouse or rat sera; other tumours have given good sheet 
growths in mouse serum, but not in rat serum ; while still others have grown 
in both sera. 

(2) Tumours of the same strain, but different generations, exhibit consider¬ 
able variations in the extent and the type of their growth, even when explanted 
at the same time and in the same medinm. Their behavionr in vitro confirms. 
observationB made ui vivo’ that fluotnations oooar from time to time in the bio¬ 
logical state of malignant cells. 

(3) Fibroblasts and colls of the monocyte-macrophage series of all the- 
tomonn studied grew well in both rat and moose sera, figa 6 and 7, ^te 12. 
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(4) The oellfl of tumour strams which have not been grown in sheet form in 
rat semm, grow as such in rat plasma. 

(6) Explanta of mouse tumour 63 which have given rise to no outgrowths 
of malignant cells after four days in rat seram have given sheet growths 24 
hours after being transferred to mouse serum. Ck>ntroIs kept in rat seram 
have still remained quiescent. 

(6) Sheet growths of carcinoma 63 in mouse serum have been broken up 
by washing the cultures and adding rat serum. Fresh sheet growths have 
arisen on transferring again to mouse serum. Control cultures treated in 
the same way but kept in mouse serum all the time have continued their 
growth. 

(7) It is suggested that whether, or not, cells form sheets from ezplants in 
a fluid medium depends upon the adhesion of the cells to glass in that particular 
medium rather than upon the growth-promoting or growth-inhibiting properties 
of the medium. Cells wdibh fail to migrate from the explant may yet undergo 
mitoeis within the ezplant. 

(8) The malignant cells of mouse carcinoma 206, which in certain states of 
the tumour form sheets in rat serum^l^ow equally well whether the serum is 
obtained from a young rat, or &om a rat ** hyperimmunised ” against Jensen’s 
rat sarcoma, flg. 8, Plate 13. Ko evidence has been found that such immune ” 
serum contains anything inimical to the grov^-th of this tumour in i^fo, 
figs. 9-11, Plate 13. 

(9) Gertain difleiences in the reaction of malignant cells to trypan blue 
in vifX) and in vitro arc attributed to the maintenance of a higher concentration 
of dye, and the spread out condition of the cells in tissue cultures. 

<10) The presence of large numbers of active cells of the macrophage type 
has been found to interfere with the sheet formation by malignant cells in 
fluid media, figs. 1 and 2, Plate 10. This is regarded os duo partly to crowding 
out of the malignant cell on the surface of the cover glasB, and partly to the 
phagocytic activities of the polyblast offering resistance to the movement of the 
malignant cells along the sur&ce of the coverslip. It is suggested that it 
may be the activity of oeUs of this type accumulated around a tumour graft 
in an immune ” animal which prevents its growth. 
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DESCRIPTION OF PLATES 

AbbreviAtioiu used ;—B., trypan bluo ; Im., immune ; M., mouse ; R., rat; 8., seram. 
An oblique stroke, thus, /, implies that the explant was transferred to a fresh oover 
glass ; a horizontal stroke, thus, —, implios that the medium of the culture was renewed. 

Figures denote the number of days the ezplant remained in the medium, e.g., BSl/2/3 
means a oolture was put up in rat serum, the explant was transferrod to a fresh cover glaM 
after one day, again after another two days, and remained tlnee days In the last medium. 
MS 1—2—8 B2 means a oultuie was put up in mouse sorum, and the medium was renewed 
after one day, again after a further two days, and stayod in the last drop of medium for 
three days, when a small drop of 0 *6% trypan blue was added, and remained for two days. 

Plati 16—^Bfouse Sarcoma 2620 

Fio. 1—Oultuie in rat serum showing the outgrowth of well-spread sarcoma oells. Poly- 
blasts have been eliminated by transferenoe of the explant to fresh ooveiv. RS 1/2/3. 
(X 60.) 

Fio. 2—Culture in rat serum, showing part of the extensive ontgrowth of polyblasts, and 
a few scattered sarcoma cells, (6) spread on the cover glass. RS 1—2—3. (X 60.) 

Platx 11—^Mouse Carcinoma 63 

Fio. 8—Explants in rat serum showing a tendency to sheet formation. This is the best 
outgrowth of oaroinoma oelis, which has been obtained in rat serum. RS 2—3. 
(X 17.) 

Fio. 4—Oultuie of the same tumour as fig. 3, put up at the same time in mouse seram. 

Extensive outgrowth of oaroinoma colls. MS 2—3. ( X 17.) 

Fio. 6—Oultuie of another tumour in rat serum showing the ronnded explant and out¬ 
growth of polyblasts, macrophages, and multinuoleate giant oeUe. BS 1—1 B2. 
(X 83.) 

PiATn 12 

Fia. 6—Outgrowth of fibroblasts from an explant of mouse oaroinoma 206. RS 1 B2/BS 7. 
(X 62.) 

Fio. 7—Fart of an extensive outgrowth of polyblasts and maoiophages from an explant 
of mouse oaroinoma 206. RS (pa 8*4} 7. (x 62.) 

Platx 13—^Mouse CSaroinoma 206, in Serum of Rat hyperimmune " to Jensen's 

Rat Sarcoma. 

Fio, S^Mitosis of carcinoma cells 24 hours after the additko of ** hypesinuMiiK » (U 
iieg»tiTe inoonUtiooi of JBS) nt leniffi. USX—loiBSL ( X SSS.) 

(W) 
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cytap^Mm of owdnoma oelk os the sMugin of e oalttue^ grewa 
In mooM aeram for two d^yi. Tble 101001 hod been mnovod, end tho onltnio weehed 
with two ohengee of Bingor Bolaticai> end e drop of froahlj prepued ■emm added 
‘ fromeroelitastrat which hid reoeirod 12 inoonletione with Jeneen** ret ■erooma. The 
dgtiree ehow the oneltered fllamentom mitoohondria after one hour in the ** hyper- 
immniui aerom." m.* mitoohondria; n., naoleni. MS2—^Im RS 1 hr. (X 1600.) 

Flits 14-^enien*i Rat Barooma 

Fto. 12—O utg rowth ooneieting moetly of earooma oelli fh>m an explast which had been 
moTod os the third day away firom the original exteniive outgrowth of potyUaiU. 
R81—2-^ (X41.) 

Fko. 12—Part of the original exteniive outgrowth of polyblaaU with loattered laiooina 
erila in the lame oultoie ai fig. 12. RS 1 — 2 — ^2. ( X 41.) 
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The Limit of High Flying when Breathing Oxygen 

Bj Sir Leonard Hill, F.B.S. 

(Received February 5, 1934) 

The experiments herein described were carried out at the works of Messrs. 
Biebe GonnAn, Ltd., with the co-operation of Sir Robert Davis, who kindly 
placed at the author’s use the necessary apparatus. A small cylindrical copper 
ohamber was used about 20 inches long and 12 inches wide. One end was 
hermetically closed, and the other fitted with a removable lid; a thick glass 
disc formed the larger part of this lid, and served as an observation window. 
An air-tight junction was made between the lid and the chamber by 
means of thick rubber washers lubricated with glycerine. When a positive 
pressure was used a set of bolts and nuts secured the lid to the chamber and 
made the closure air-tight. The chamber was made to withstand pressure up 
to +130 lbs. It was fitted with valved inlet and outlet tubes; one tube 
connected the chamber with a pressure gauge. For evacuating the chamber and 
studying the effect of low pressures^ an efficient pump was used with the piston 
working in oil The stroke of the pump was driven by a bond off the workshop 
shafting. The chamber was evacuated by this means down to the lowest 
pressure required (70 mm Hg), in about 0 minutes. To indicate the pressure 
during evaouation the ohamber was connected to the top of a barometer tube, 
which was fitted with a scale ; the bottom of this tube dipped in a cup of 
mercury. The chamber was placed in the vertical position, and a wooden 
platform arranged inside on which the animals rested in full view under the 
gloss window. The opening of the inlet tube used for ventilating the ohamber 
was carried below this platform, so that the ohamber could be thoroughly 
washed out with oxygen, or a mixture of oxygen and nitrogen. After the 
animals, 6.g., two rats, had been introduced, and the chamber closed, the inlet 
tube was connected, in the first series of experiments, with a cjdinder of oxygen 
(99%) and the chamber well washed out with this gas. It was then repeatedly 
evacuated down to about 150 mm Hg, oxygen being admitted each time. This 
procedure secured a purity of oxygen in the chamber, as was shown by analysis. 
Finally the chamber was evacuated down to the pressure whereat symptoms 
of acute dyspnoea became manifest, a slow inflow of oxygen being maintained 
during this evacuation. The animals settle down, and quietly rest on the 
platform daring the final evaouation, that is until the pressure drops to about 
100 mm Hig, they then become restless, and when the pressure drops to 90-80 
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mm Hg their breathing becomes veiy deep and slow and they show other signs 
of want of oxygen. Rats make oonvnlsive leaps towards the window of the 
chamber, and on coming to rest their limbs straddle out, guinea pigs and 
pigeons fall over, monkeys close their eyes and fall asleep when the pressure 
falls below 120-110 mm Hg, and then as the pressure fslls below 100 sink 
lower and lower down, but are still able to balance themselves in the sitting 
posture. Below 90 mm Hg the head falls against the side of the chamber and 
the monkey is unable to recover its balance when the chamber is shaken. The 
animals quickly recover when oxygen is let in, thus the evacuation could be 
repeated several times with like result. Qoats were observed in a larger 
chamber which took about 35 minutes to evacuate. They were at first in the 
standing posture, but lay down when the pressure fell to 100-90 mm Hg and 
made convulsive movements when it reached 90-80 mm Hg. 

The conclusion was reached that about 85 mm Hg is the pressure at which 
severe symptoms occur for all these classes of animals. These experiments 
confirm the classical ones of Paul Bert (1878). He noted that a sparrow fall 
over when the pressure of oxygen fell to 75 mm Hg. 

When breathing oxygen Jongbloed (1929) had exposed himself and another 
to 124 mm, while Talenti found 115 mm Hg the limit for full cODsoioiui 
control in the case of men. The author had the opportunity of testing this on 
Mr. Eric Taylor with the oo-operation of Professor Barcroft (Baroroft and 
others,. 1931) and Wing Commander Marshall (1933). Mr. Taylor breathed 
oxygen from a Salvus apparatus, while the chamber (in this case containing 
air) was evacuated. He took notes in full view of the observation window. 

The reduction of pressure proceeded without incident up to 35,000 feet, 
when sli^t loss of the subject’s original fresh colour was noticed. 

At 37,000 feet he counted his own pulse and wrote the result on paper, as 
shown in fig. 1, without any difficulty. 

At 40,000 his colour was definitely paler than normal and Professor Baroroft 
remarked on this. At this height, the rate of climb was certainly not more 
than 1,500 feet per minute. The subject nodded when asked if he was quite 
eomfortable and, objectively, appeared to bo in no distress at all, though 
oooaai(mally ho took a deep, sighing respiration. Apart from this, his respira¬ 
tion was slightly hurried and very noticeably deeper than normal and he was 
seen to manipulate the oxygen apparatus so as tw ensute an adequate supply of 
oxygen. He says that he was b^inning about this time to be conscious of 
oaygra shortage which manifested itself in some difficulty of vision and hearing, 
requiring a definite mental effort to enable him to focus an object clearly. 



300 


Sir Leonard Hill. 


Jost below 40,000, he appeared leas gt ease and his colour leaa good. At 
43,660 feet (114 mm Hg) he was seen to make an effort to write on a block of 
paper and the moment he began to do this ho passed into a state of jaotitating 
movement whereby every movement attempted became a series of short, 
rapid purposive jerks. The tablet fell from his knee and the pencil out of his 
hand, and it was difficult to determine whether the movements that he made 
after this were mere jactitations or attempts to recover the articles that he had 
dropped. All the movements were directed towards a point on the floor beside 
his right foot. His face bad become an ashy-grey. He was visibly sweating 
and it was obvious that the experiment must be terminated immediately. 

Air was then admitted to the chamber so as to bring him down at groat 
speed to 42,000 feet where the pressure was held for a minute or two in the 
hope that he woidd recover. He did recover to the extent of sitting up, 
picking up paper and pencil and beginning to write ; this writing is shown in 
the figure beginning with the word "slight.” The first word was written 
with apparent ease and confusion only began with the repeated vertical strokes 
of the word “ dimming.” 

As the apparent recovery seemed in danger of being lost, it was decided to 
abandon the experiment and the " height ” was reduced at a fairly constant 
rate of about 3000 feet per minute. 

The writing of the four lines beginning with the word " slight ” occupied 
fully 2 minutes and at about 30,000 to 32,000 feet he stood up and showed this 
writing at the porthole. 

10,000 feet lower he wrote the three lines beginning with the word " quite,” 
and this time his writing was much faster, probably half as fast as normal. 
By this time his colour had almost entirely returned and he appeared alert 
and once more to be taking an interest in the experiment. 

On being told at his request the maximum " height ” attained, he wrote the 
words " I told you so 1! 111 ” (referring to the opinion of one of those present 
that this height would constitute the limit of toleration) and displayed the 
high memment that one associates with drunkenness or the administration of 
nitrous oxide, He says that this merriment was occasioned by the peculiar 
appearance of his earlier handwriting. 

The remainder of the descent was uneventful. 

On being released from the chamber, he climbed out easily and stood up 
without swaying. 

His ooktur was red enough, but still with a slightly ashen tinge, espeoiatty 
about the lips and lobes of the ears. 
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On being qoestioned he had evident^ no knowledge of having been nn- 
oonfloiona, though all who hod seen him were agreed that he had iindoabtedl 7 
been bo. He had no reooUeotion of dropping the pad or pencil or of picking 
either of them up. AVhen writing the paragraph beginning " slight,” he was 
aware of the need for concentration and that he was writing badly, but not of 
the repetitive nature of this writing. He said that he had felt no pain beyond 
some intestinal distension and some ache in the musdes of the front of the 
arms which disappeared before the pressure had returned to normal It is 
most important to note that this subject states that at the moment when he was, 
in fact, fainting, he felt that althoagh he was slightly embarrassed by oxygon- 
wont, he could have gone on to a much greater height. This corresponds 
with the same subject’s feelings on a previous occasion when he fruntod frmm 
oxygen-want. 

Previous to this experiment Captain C. F. Uwins flew sucoesafully to a 
height of 44,000 feet, where the pressure fell to 110 mm Hg. To go higher it 
is necessary to enclose the pilot in a special dress wherein the pressure can he 
made higher than the atmoq>herio pressure. Acting on the advice of Hr. 
J. S. Haldane (1922), Sir Robert Davis has contrived such a dress, and enclosed 
in this and breathing oxygon, from an oxygen-breathing apparatus, Mr. Mark 
Ridge was sucoessfolly submitted in a chamber to an evacuation which 
corresponded to a height of 90,000 feet. By this simple means the possible 
height of flying has been doubled; there is no need for expensive and heavy 
observation chambers used at ordinary air pressure by Piocatd, and others, 
for their balloon observations at great heights. 

Having determined the possible limit when breathing oxygen, a second 
series of experiments was carried out, which enabled the author to measure 
the combined tension of water vapour and carbon dioxide in the alveolar air, 
and so find the actual tension of oxygen at the point when acute signs of 
dyspnoea occur. To efiect this, a cylinder containing a compressed mixture of 
oxygen 6% and nitrogen 95% was connected with the inlet of the chamber, 
and the pressure raised rapidly to a point which gave a sufficient partial 
pressure of oxygen, e.g., >|-3 atm. The chamber, while at this pressure, was 
then very thoroughly ventilated with the mixture. To effect more complete 
washing out, the ptessnre was next raised to -|-6 atm and lowered to -f-d atm 
several times. When a ndxtnre of 6% of o^^gen and 96% of nitrogen is 
breathed at a pressure of three or four atmospheres (abs.) the partial pressure 
of oxygen is equal to 20% of one atmosphere. On now lowering the ptessuie 
down to one atmosphere (abs.) the partial pressure of oxygen ftil to 6% of 
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one atmofiphero and the animals breathed deeply and showed signs of acute 
dyspnoea. Using this mixture containing only 5% of oxygen, it is clear that 
the carbon dioxide and water vapour in the alveoli have a negligible effect on 
the alveolar oxygen partial pressure. H^ce we can take the external oxygen 
partial pressure as being equal to the oxygen pressure in the alveoli. This 
comes to about 7*6 x 5 == 38mm Hg. When mixtures containing 2\ or 2% 
of oxygen were used the same partial pressure of oxygen was found to be oritioaL 

Now we have seen that when almost pure oxygen was breathed and the 
chamber evacuated, symptoms of dyspnosa occurred when the pressure fell 
to about 86 mm Hg. Taking 38 from 86 wo have 47 loft as the combined 
alveolar partial pressure of water vapour and carbon dioxide. A further 
series of experiments showed that when this figure 47 was taken the oxygen 
partial pressure came out in good agreement with the figure 38, whatever 
the gas mixture which was used. The results are shown in Table I. 

Christie and Loomis (1932) by volimtary rapid shallow breathing lowered, 
in man, the alveolar water vapour tension to 38 mm Hg and the carbon dioxide 
tension to 22 mm Hg, a total of GO mm Hg. 

Campbell (1927-1930) found in animals living in a partial pressure of o^gen 
equal to 7*5% of one atmosphere a tension of carbon dioxide in the tissues of 
about 20 mm Hg. In the above experiments animals (before showing signs of 
acute dyspnoa) breathe slowly and deeply; this breathing must help to wash 
out the carbon dioxide and the output of this gas must also be lowered through 
oxygen-want. 

Jonghloed (1929) found an alveolar tension of carbon dioxide of 27-30 mm 
Hg in three men, and 20*2 in one, when exposed to a pressure of 139-124 mm 
Hg, while breathing oxygen. 

Everest climbers at the great heights suffer much from dry throats; the 
panting lespiiation and the very dry atmosphere together must tend to lower 
the alveolar water vapour tension. Their body temperature may fall, the 
temperature of the expired air being lower than at sea-level. By such means 
the Christie and Loomis figure 60 may be lowered to about 47. It is worth 
noting that Paul Bert (1878) found that the body temperature of animals 
fell when kept at low air pressure, e.g., by 2® C for a dog kept for 2 hours at 
260, and to 26® C for guinea pigs kept 1 hour at 260 to 220 mm Hg. Such 
iiniiniLlR in a comatose state and so cooled down may withstand exposoze for 
some time to 3*6% of oxygen cs about 27 mm Hg and finally be recovered. 

A third series of experiments showed that a mixture of oxygen 93% and 
carbon dioxide 7% gave zesolts similar to those obtained when pure oxygen 
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Table I 


AItooIat 


No. 

No. 


Preasore 

pp. of 

of 

of 

Composition of gas 

in 

oxygen wh 

rpt. 

animals 


chamber. 

dvspncaa 




mm Hg 

occurred 




Bats 

1 

2 

Air . 

186 

28 

£ 

2 

09% 0 . 

84 

37 

3 

2 

Air . 

810 

33 

4 

2 

990/0 O . 

82 

36 

a 

2 

2%0,98%N . 

1792 

36 

e 

2 

Air . 

2t0 

33 

7 

2 

99% 0 . 

87 

40 

8a 

2 

50% 0, 60% N 

112 

33 

86 

2 

(50% 0 , 60% N 

182 

37 

0 

2 

99% 0 . 

82 

36 

10 

8 

2i%0,97*%N . 

1764 

46 

11a 

2 

fi0% 0. 60% N . .. 

126 

39 

116 

2 

60% 0, 60% N ... 

lie 

34 

18 

2 

09% 0 . 

83 

36 

13a 

2 

Air. 

198 

30 

136 

2 

Air 

188 

28 

14 

2 

09% 0 . .. . 

01 

44 

IS 

2 

99% 0 .. . 

81 

34 

16 

2 

03% 0,7% CO, . 

81 

32 

17 

8 

Air . . 

197 

30 

18 

4 

2*% 0, 97t% N 

1722 

42 

10 

4 

Air. 

172 

26 

80 

4 

77% 0 . 

102 

42 

81 

4 

99% 0 . 

72 

26 

82 

4 

93%0.7%CH), .. 

72 

23 

83 

4 

90% 0 . 

84 

37 


Sign! of djspnoBft 


Deep alow breathing. ConvuleiTe 
“ eaoape" movementa, the 
limbe atirnddle out when the 
animala come to reat. 


Gk)ats 


1 

2 

OOo/o 0 . 

90 

43 




Qainea Pigs. 

1 

1 

Air. 

100 

29 

2 

1 

99% 0 . 

06 

48 

3 

1 

2%0,08%N ,. . 

... 2062 

41 

4 ■ 

2 

93 % 0 , 7 % CO, 

84 

84 

6 

2 

Air. 

188 

28 

6 

■ 2 

99%0 . 

91 

44 

7 

2 

93 % 0 , 7 % CO, , 

06 

46 

8 

2 

99% 0 . 

83 

36 

9 

8 

99% 0 . 

89 

42 

10 

8 

00 % 0 . 

84 

37 




Pigeons 


1 

1 

Air .. 

187 

28 

2 

1 

99 % 0 . 

78 

31 

3 

8 

S%0,98%N . 

... 1616 

32 

4 

1 

99% 0 . 

87 

40 

6 

1 

00% 0, 60% N .... 

112 

83 

6 

1 


84 

37 

7 

1 

8^0, 99% N .... 

.... 1816 

36 


The animaJa while etanding abow- 
ed algna of disturbance and lay 
down, oonTnkiTe movemenU of 
limbs ocouired below 00 mm Ug. 


Deep alow breathing. Umbs 
studied out sad animala fell 


Deep slow breathing. Anim^ 
sank down and then fell over. 
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Table I—(Gontinued). 

AlveoUr 

No. No. Preflsnn pp. of 

of of Composition of gM in oxygen when Signs of dyapncea 
ezpt. aninmU chambers. dyspnoM 

mm Hg ocourrod 


Monkeys 


1 

1 

1R>% o, fl0% N ... 

105 

20 

2 

1 

2*%O,07i%N . 

1521 

37 

3 

1 

Air .. 

195 

30 


4 

1 

00 % 0 

63 

17 

5 

1 

00 % o 

65 

17 

6 

1 

00 % o 

80 

33 

7 

1 

7% CO,p 93% 0 . 

77 

28 

8 

1 

oo%o 

79 

32 

0 

1 

3% 0. 05% N 

740 

35 

10 

1 

09% O . 

62 

17 

11 

1 

90% O. 

78 

31 

12 

1 

99%0 . . . . 

88 

41 


Beep slow breathing. The animals 
sank down and obaUy the bead 
fell against the aide of the 
cliamlwr. The animal was un¬ 
able to balance its position when 
the chamber was snaken. 

At this point the monkey was 
dying. 


Monkey dying. 


was breathed. Symptoms of dyspnosa came on at 90-80 nun Hg, At such 
low pressure the alveolar oxygen pressure is not very significantly altered by 
the 7% of carbon dioxide. 

Behagne, Garsoaux, and Kichet (1928) carried out a series of evacuation 
experiments which appeared to show that in rabbits exposed to increasing 
oxygen percentages death takes place at increasing oxygen partied pressures, 
•ee Table II. 


Table II 


% of oxygon in air 
breathed 

Oxygen partial 
at deal 

8-15 

17 

IS'Sl 

29 

32 42 

32 

52-61 

46*6 

61-89 

52 


If we calculate roughly what the oxygen percentages are, taking 47 for 
carbon dioxide and water vapour, and use the mean percentage of the figures 
given in the left-hand column, we get the results shown in Table III. 


Table III 


% of oxygen 

Oxygen partial preHurs 
at death 

12 

—- 

20 

19-4 

37 

14-8 

56 

20-i 

75 

16-5 


The figures in the right-hand column cannot be used to confirm the view 
taken by these authors, but rather those expressed in this paper. 
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Margaria (192S) supported the oonolosions of Behague, Oarseaux, and 
Riohet, and farther stated that the addition of carbon dioxide to the atnunphere 
breathed modified the resistance of guinea pigs to rarified oxygen, bat did not 
affect their resistance to such oxygen>want when this was produced by adding 
nitrogen to air. 

In all the experiments described in this paper the deciding factor is found to 
be the partial pressure of oxygen in the alveolar air. 

Condusiona 

When breathing oxygen loss of consoiousness occurs in monkeys and men 
when the barometric pressure falls to about 115 mm Hg. Signs of acute oxygen- 
want occur in inonke3m, goats, guinea pigs, rats, and pigeons when the pressure 
falls to about 85 mm Hg. 

When 5% or less oxygen is breathed at high barometric pressure, symptoms 
of acute oxygen-want occur when the partial pressure of oxygen in the lungs 
falls to about 38 mm Hg. The combined partial pressure of water vapour 
and carbon dioxide in the alveoli of the lungs when these acute signs of oxygen- 
want occur is the difEerenoe between 85 and 38 == 47 mm Hg. This low partial 
pressure is brought about by deep breathing, fall of body temperature, and 
diminished production of carbon dioxide. 

The author is indebted to Dr. H. J. Taylor for assistance. 

REFERENCES 

Btroioft, J„ Donglas, C. G., Kendall, L. P., and Bfaigario, B. (1031). ' Arch. Soi bioL^ 

(Nap.), Tol. le, pp. e09-C15. 

Behagne, Qaneaux, and Riohet (1028). ' G. R. Aoad. 80 L,* vol. 8 , pp. 186, 187. 

Bert, Paul (1878). “ La preenion barom^trique." 

Gampbell, J. Argyll (1027, a). * J. PhydoL,' voL 08 , p. 211. 

-(1027,6). f 6 «l., toL 68 , p. 325. 

-(1028). * The Lanoet/p 84. 

-(1029). ' Brit. J. Exp. Pathol.,'voL 10 , p 304. 

-(1030). ' The Lanoet,’p 370. 

Christie, R. V., and Loomis, A. L. (1082). ' J. Physiol.,' toI. 77, p. 35. 

Haldane, J. & ( 1022 ). ** Bespintion,*’p. 380. 

Jongbloed, J. **The oompoaition of the alveolar air in man at altitudes up to 
14,000 M.," pub. AprU, 1020. 

Mazgaria, R. (1028). ' Aioh. M. biol.* (Nap.), voL 11, pp. 425,458. 

Marshall, G. S. (1083). "The Physiologioal Limitations of Flying,” Aeronaatieal Re¬ 
prints No. 70. 

So hxottcr (1004). '* Die Saumtoff in der Prophylaxe und der Thenpie.” 



307 


6X2 . VJT 

The Rhythm of the Heart Beat. I— Location, Action Potentitd, and 
Electrical ExcUabHUy of the Pacemaker 

ByJ. C. Ecclbs and H. E. HoFr 

The Phyeiologioal Laboiatoiy Oxford 

(Communicated by Sir Cbailos Sherrington, F.R.S.—Received Auguet 12, 1933— 

Revised April 21, 1934.) 

rPuTB I&] 

Anatomical and physiological investigations on the heart during the last 
fifty years have contributed a sound body of knowledge concerning the location 
of its rhythmic centre (the pacemaker) and the spread thence of excitation. 
The classical controversy between the exponents of the neurogenic view 
and of the myogenic view of the origin of the heart beat, may now be regarded 
as settled in favour of the latter, for the evidence against even the nerve fibre 
modification of the neurogenic theory is overwhelming, and none of the 
evidence supporting it stands the test of modern criticism. There remains the 
more fundamental problem of the nature of those processes in the rhythm 
centre which are responsible for its recurrent discharge. There has been much 
speculation concerning them, but no systematic attempt at elucidation. 

Engelmann (1896, 1897) postulated a constant weak ** inner stimulus,” to 
which the centre is sensitive in varying degree; this sensitivity (considered to 
be identical with its sensitivity to electrioal stimulation) gradually increases 
during diastole, until a threshold is reached and discharge occurs. Qaakell 
(1900, p. 190) expressed an essentially similar view {cf. Adrian, 1930), and this 
view has some support in the evidence of Ishikawa (1924), who found that the 
excitability of the ftog’a sinus, but not of ventricle or auride, increases throo^- 
out diastole until the next beat occurs. Langendorff (1902) suggested that 
the inner stimulus might be provided by the products of dissimilation (Lebens- 
produlct). 

In a series of papers largely theoretical, Bering (1901, 1912, a, 1912, b) 
gradually built up a theory of rhythm which is the mostelaborateyetattempted. 
His inner stimulus (Beisbildung) was not continuous, but intermittent with 
an independent rhythm of its own; the sensitivity of the centre to this stimulus 
(BeaktionsfShigkeit), normally identifiable vrith its electrical excitability, was 
supposed to follow a time-course initiated by the previous beat. Hering's 
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theory ^ general lacks experimental foundation, and in particular the inde¬ 
pendence he assumes for the rhythm of his ** Reizbildung cannot be reconciled 
with the change of phase produced by premature beats. 

Andrus and Carter (1924) found that alterations in the perfusing fluid 
caused changes in the rate of the perfused heart, and on this inadequate 
evidence concluded that the rhythmic excitatory process is a disturbance of 
the ionic equilibrium between the ceils and the surrounding fluid. Roth- 
berger (1926) made a similar suggestion, without bringing any further evidence. 
Finally, von Brlicke (1930) saw no justification for postulating a continuous 
inner stimnlus, and attributed the interval between one heart beat and the 
next partly to refractory period and partly to other inhibitory influences. 

In the present series of papers an attempt is made to investigate systemati¬ 
cally the behaviour of the pacemaker of the heart, under all those experimental 
conditions which seem likely to throw light on the nature of the physiologioal 
processes underlying its rhythmic production of impulses. In the first paper 
the pacemaker is located as accurately as possible, and electrical records 
taken from it. Its recovery of excitability after a normal beat is determined 
in the usual way by the direct application of induction shocks of varying 
strengths, and the effect on the recovery curve of vagal slowing and of acceler- 
antes quickening is investigated. The second and third papers deal with the 
effect of piematoie beats on the rhythm of the pacemaker, and we hope to 
publish later an analysis of the action of the vagus. 

Method of Experiment 

The following account will serve as a general description of the experi¬ 
mental procedures employed throughout the whole investigation. Special 
modifioations will be mentioned in the appropriate sections. 

The animal (oat) having been ansesthetized (ether only) was decerebrated 
by the trephine method and the ansssthetio was then discontinued. A longi¬ 
tudinal skin indsion extending from the second to the sixth rib was made 
two to three centimetres to the right of the sternum. The fourth rib was laid 
bare and about two centimetres of its steimal end removed after ligation of the 
intercostal artery. Light artificial respiration by a pump was begun and 
continued throu^out the experiment at just that intensity which allowed the 
normal respiratory movements to continue. In most experiments the upper 
lobe of the right lung was ligated at its base and removed in order to give a 
sufficient exposure of the heart, but this practice was discontinued in the later 
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experimenta. The pericardium was opened along a line from the apex of the 
ventrioles to the superior vena cava thus forming a flap which was sewn to the 
chest wall so as to prevent the lungs from moving over the exposed Burflaoe of 
the heart during respiration. In this procedure the heart rotates somewhat to 
the left giving a good exposure of the riglit auricle and the superior vena cava, 
but care has to be taken to prevent any kinking of the venae cavac. 

As electrodes we used small sUver hooks soldered on to fine enamelled wires. 
As for as possible they have been passed through the superficial cpicardium 
only, but doubtless the deeper tissues have also at times been locally injured. 
When in position the hooks have been cloned so that they retained their position 
despite movements of the heart, and, after packing the aperture in the chest 
wall with dry cotton-wool in order to keep the wires apart, the edges of the 
wound have been clipped together. In this way the heart may be investigated 
with closed chest wall and under conditions as near normal as possible. In 
the usual arrangement three electrodes have been appli^ to the heart, one 
being both the cathode of the stimulating circuit and the earthed lead to 
the amplifier of the recording circuit. This common lead has been placed as 
close to the pacemaker as possible (see p. 311), while the respective positions 
of the anode of the stimulating circuit and of the grid lead have usually 
been in the jegion of the tail of the sino-auricular node and on the right 
auricle, the three leads forming approximately the apices of an equilateral 
triangle. 

Usually both vagi were cut in the neck during the preparation, but in some 
experiments on vagal tone they were cut during the course of the experiment; 
rarely they were left intact throughout. The nerves were freed for stimulation 
by careful dissection so os to preserve the blood supply intact as far as possible, 
and stimuli were applied through glass-shielded silver electrodes which were 
sewn in position during the initial preparation. 

The nervi accelerantes were approached through the axilla with the fore¬ 
limb extended above the head. A sldn incision along the inferior border of 
the pectoralis major was followed by a dissection exposing the second rib, 
and as much as possible of this was excised subperiosteally. The stellate 
ganglion was then exposed by blunt dissection, and completely excised except 
when the nervi accelerantes were to be stimulated, when all the branches of 
the ganglion except the nervi accelerantes wore cut and the latter nerves were 
fireed until their junction with the vagus. The ganglion was left attached 
merely as a convenience when applying the electrodes, but it was functionally 
disoonneoted by pinching the nervi accelerantes at their point of entey. A 
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-fipeoially ahaped shielded-glass electrode with silver electrodes was then applied 
to the nervi acoderantes and sewn in position, -the skin being then clipped 
together around the wires leading to the electrodes. 

In the first experiments in which both nervi accelerantes were cat, the 
.additional dissection appeared to affect the condition of the animal so un¬ 
favourably that we adopted as a usual procedure the excision of the right nerve 
•only. It was later realised that in the decerebrate preparation there is a 
•considerable tonic acceleration through the left nerve alone, so the bilateral 
'Operation was again adopted and fortunately was not then found to react 
unfavourably on the condition of the animal. 

After suitable amplification the action potentials firom the heart were led 
to a Matthews oscillograph and photographed by a falling plate camera. In 
•Older to shortem the effect of the necessarily large stimulus artefact 0-002 pF 
coupling condensers have usually been used throughout the amplifier. The 
resulting great distortion of the action potential was of no consequence as we 
wrere only concerned with the action potential as a standard of comparison. 
In faxst the smaller condensers would serve to sharpen the differential features 
'Of the records. In most experiments stimulus escape was also reduced by 
•earthing the animal through a metal plate surrounded by cotton-wool soaked 
in Ringer and placed subcutaneously in the lumbar region. In some experi¬ 
ments the action potentials from an additional pair of leads were led to a string 
•galvanometer and simultaneously photographed on the same plate. In all 
Tecords time was registered simultaneously by photographing the movements 
■of a small needle attached to the free vibrating end of a 100 d.v. tuning fork. 

Premature beats have been set up by break induction shocks from one or 
oorelesB coils, the circuits being broken by a Lucas pendulum which had 
an electromagnetic release worked by the camera. As a further precaution in 
xninimiring stimulus artefiracts in the records a 40,000 ohm non-inductive 
resistance was placed in the secondary circuit. The stimulus artefact, how- 
«6ver, served a useful puipose, as its beginning signalled the exact moment of 
ihe stimulus. In the primary were a 12-volt accumulator battery and a 
^variable resistance which was used in adjusting the strength of the induction 
shock, the coupling between the primary and secondary coils being kept 
*ooDstant. Repetitive stimuli from a neon tube oscillator were applied to the 
vagus or accelerantes nerves at a rate usually about ten a second. 

The temperature of ^ animal was maintained by the heated table on which 
it lay. By suitable adjustment this temperature was almost always kepi 
i)etir0en36 and 38° C. 
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A —The Location of the Pacemaker 

The term pacemaker ” is here applied only to that port of the eino-aoiicalar 
node in which the impulse originates (of. Lewis, 1926, p. 626; Meek and 
Eyster, 1914), not to the whole “ sinus *’ as well as the presinus ” (Rijlant, 
1932). Lewis, Oppenheimer and Oppenheimer (1910), Sulze (1913), and Lewis, 
Meakins and White (1914), place it in the head of the sino-auriculor node very 
close to the cavo-auricular angle. Eystor and Meek (1914) come to a similar 
conclusion in most of their experiments, but in some place it is nearer the middle 
of the node, in agreement probably with Wybauw (1910). Those results were 
all obtained with electrical recording, but with one exception no attempt was 
made to discriminate between points less than 5 mm apart. A more precise 
localisation was claimed by Rijlant (1926, 1931), who in some of his experi¬ 
ments found the initial negativity developing in a circumscribed area about 
1 mm in diameter (the ** presinus ”) between the head of the sino-auricular 
node and the superior vena cava, while the main activity of the whole node 
(the ** sinus ”) followed about 6 a later. 

In the conditions of most experiments the pacemaker appears to remain 
fixed, but under the influence of strong vagal inhibition it has been shown to 
move to a position nearer the tail of the node (Meek and Eyster, 1914; Lewis, 
Meakins and White, 1914). 

For the purposes of the present investigation, the electrode common to the 
stimulating and the recording circuits must be applied os accurately as possible 
over the pacemaker itself, and the accuracy of its placing must be tested in 
every experiment. Two methods have been employed :— 

Method 1 —Ddermination of the potW associated toith the first detectable action 
potential 

This is the olassioal method. An extra pair of electrodes is fixed to the right 
aurioular appendage, and connected with a string galvanometer. The action 
potentials recorded by this instrument are photographed simultaneously on 
the same plate as those recorded by the oscillograph and provide a fixed point 
of reference. The earthed lead of the oscillograph amplifier is then applied in 
various positions on and around the.sino-aurioular node the grid being on the 
auricle near the sino-auricular node, and records ore token, each position being 
noted on an outUne drawing of the heart. That position which gives the longest 
interval between the first deflection of the oscillograph record and the galvano¬ 
meter record, is nearest to the pacemaker. Thus in fl^. 1, Plate 16, observations 
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2 and 3 axe made witii tihe earthed lead in poaition 4 of 2, and the action 
potential recorded by the oacillogn^h bcigina about l*6<r earlier than in 
observations 1 uid 4, corresponding to pomtion 6 of fig. 2. Position 4 is 
thecefOTe nearer the pacemaker than position 5, and in tiiis expeiilnent it was 
also found to be nearer than any of the other positions of fig. 2. Subsequent 
histologioal examination showed that it lay over the upper part of the head 
of the smo-aurioular node. In two ■ other experiments precisely the same 
location was found; it corresponds to that of Lewis and his co-worheis, and 
Snlze. 

In five experiments, however, the pacemaker was found to lie further down 
the aino-auricular node, e.g., position 2 of fig. 2. In three of these the string 



Vn. 2 —^Diairing of the right auriole and ventriolea to show positions of leads. S was the 
grid lead in all ohaervationa, and 4 and S were the ground leade used for the ohaeeva* 
tiona of fig. 1, Plate 16. Poaitim 4 waa oloseat to the peoemakrr. 


galvanometer was not used, but the main deflection of the oscillograph leoozd 
waa naed instead as a point of reference. Thie appeaia to be allowable, in 
experimenta such aa these in which the grid lead was from a fixed pmnt on the 
body of the auriole; for the main deflection is not altered appreciably by 
moving the earthed lead to various parts of the sino-auxicnlar node, and in 
experimenta where the stmg galvanometer waa need the main deflection ahraya 
bote a constant time relation to the galvanometer deflection. Theee experi¬ 
ment indioete that the main defleotion ariaea in the anride and not in the 
•bmiiniricnlar node. 




Eccles mid Hoff, 


Ffor, Hoy. Soc., B, ml. 115, Plate 16. 



Fig. 4. 
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Method 2— The determinaHon of the point at which a etimultw applied late in 
the cych sets up a premature beat which is identiaai with a nortnai beat {of 
Lewifl, 1910) 

The ideatity can be establifihed by two criteria : 

(а) The action potential of the premature beat muat resemble that of a 
normal beat. Since the very small coupling condensers of the amplifier 
(O'002 (iF) cause the oscillograph deflectionB to approxinoate to the rate of 
change of electrical potential between the leads, this criterion is a particularly 
rigorous one. 

(б) The interval between the first deflection of the normal action potential 
and its main deflection must be the same as the interval from the stimulus to 
the corresponding Tnain deflection of the premature beat. This condition is 
found to hold when a premature beat is set up by a stimulus applied through an 
electrode (cathode) which Method 1 shows to be close to the pacemaker. 

It has been seen above that the main deflection arises &om the grid lead on 
the auricle, so the interval from the first sign of the action potential to the 
main deflection is the conduction time to the grid lead. The similar time from 
the stimulus artefact to the main deflection of a premature best indicates that 
the stunulus seta up a premature beat after a negligibly short latent period; 
a conclusion in agreement with the results of von Frey (1915) and Bchellong 
(1925). When a stimulus falls very soon after the end of the absolutely 
refiractoiy period, the main deflection of the premature beat may have a latent 
period even longer than 30 a, but close inspection with sufficient amplification 
always reveals small waves throughout this apparently long latency. It would 
seem that this long latency was due to slow conduction in the relatively re¬ 
fractory period (Drury and Begnier^ 1928). 

Figs. 3 and 4, Plate 15, exemplify the use of these criteria. In fig. 3 the action 
potentials of the premature beats in observarions 1 and 5 are indistinguishable 
from the nonnal action potentials ; in each the interval from stimulus artefact 
to main deflection is only very slightly shorter than the interval from the first 
tiny -wave of a normal action potential (indicated by an arrow in the more 
highly amplified observation 6) to its main deflection. It may therefore be 
concluded that the electrode common to recording and stimulating oirouits 
has lain very close to the pacemaker, sinoe criteria a and b are satisfied. It 
was in position 2 of fig, 2. Fig. 4 is siinilar, but the disturbance of rhythm 
produced by the premature beats is also shown (see next paper). 
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In moat of the experimonta to be described the ooimnon lead was first placed 
in positions 2 of fig. 2, and records made of normal beats, and of preniatore 
beats late in the cycle using a stimulus well above threshold. If these records 
satisfied the criteria of Method 2, the lead was left in that position throughout 
the experiment; if not, the procedure was repeated with alternative positions 
until a satisfactory one was found. The more laborious Method 1 was used 
only in the experiments on the excitability of the pacemaker, where the advan¬ 
tage given by its greater accuracy was highly important. The constancy of 
the shape of the action potentials obtained throughout a given experiment was 
taken as sufficient indication that the pacemaker bad not materially shifted 
during the course of the observations. 


B —The Action Potential of the Paoemaher 

Some physiological process in the pacemaker must be conceived of as pre¬ 
ceding and conditioning the production of the impulse, and it is possible 
that this process might be associated with a alight and gradual change of 
electrical potential preceding the rapid potential changes produced by the 
propagation of the impulse. With this in view, records have been made with 
large coupling condensers of 4 pF in the amplifier; the deflection produced 
by a constant potential then fell to half its initial value in slightly less than 
one second. Fig. 5, Plate 15, is a record obtained in this way, with the leads 
to the amplifier in positions 4 and 6 of fig. 2. It shows two auricular action 
potentiats with the ventrioiilar action potential following the first. There is 
no slow change of electrical potential preceding the sudden upward deflection 
(shown by the arrow) which signals the propagation of the impulse. The 
small slow wave between the ventricular and the next auricular action potential 
is the ventricular T wave. Similar results have been obtained in four other 
experiments. 

These results are in agreement with Adrian’s (1931) observations on the 
frog’s sinus. However, still more refined technique may yet detect some 
changes \pf Adrian and Gelfan’s (1933) results with rhythmic beats of skeletal 
muscle fibres], but artefacts due to the incessant movement of the tissues will 
-be difficult to exloude. At present it is clear that any electrical changes 
^possibly present in the latter part of diastole can only be of a very much smaller 
*order tiian those associated with the appearance and propagation of the 
impulse. 
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C— The Electrical Excitability of the Pacemaker during iU Phythmic Cycle 

No previous attempt appears to have been made to measure the electrical 
ezoitability of the mammalian pacemaker itself. Observations on other parts 
of the heart have shown that a beat is followed in turn by an absolutely refrac¬ 
tory period and then a relatively refractory period, but opinion is divided as 
to whether in the last part of diastole the excitability continues to increase or 
attains a constant level. In frog’s auricles and ventricles, Trendelenburg 
(1911), Adrian (1921), Ishikawa (1924), Schellong and Schiitz (1928) and 
Buchthal (1931) found a longer or shorter period of constant excitability at the 
end of diastole, while Engelmann (1S95) found none. Ishikawa (1924) found 
that the excitability of the frog’s sinus increased till the end of diastole. In 
mammalian auricle and ventricle, Cushny and Matthews (1897) found a rising 
excitability at the end of diastole, but Cushny later (1912) failed to confirm that 
result. Drury and Regnier (1928), using mammalian auricles driven by direct 
stimulation, found a fairly long period of constant conductivity in the latter 
part of diastole. 

We have used the technique already described in an attempt to measure the 
excitability of the pacemaker itself. In every experiment the electrode 
common to stimulating and recording circuits was placed over the pacemaker, 
using Method 1 (p. 311). Single break induction shocks of varying intensity 
were applied at random in all phases of the cardiac cycle, and with each strength 
of stimulation records were taken until the critical point at which recovery was 
just sufficient for the stimulus to excite was fairly accurately fixed. From 
these results the usual recovery curves were constructed. 

(a) The Normal Recovery Curve —^Fig. 6 is a typical example of the curves 
obtained in 12 out of 17 experiments. The strength of the stimulus is plotted 
along the ordinate, and its time of application along the abscissa; the latter 
is measured by the interval between the beginning of the action potential of 
the previous beat and the stimulus artefact. For each strength of stimulus 
two points are plotted, the earliest time at which it evokes a premature response, 
and the latest time at which it fails to do so. These are joined by a short 
horixontal line, and the whole recovery curve is a smooth curve passing as 
nearly as possible through these lines. Its lower end is seen to run horizontally 
through the latter port of diastole at a strength of stimulus just on the threshold, 
i. 0 ., it sometimes excited and sometimes failed to excite a response. Fig. 7 
is a MTnilftr example. 
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Fio. 6—Beooveiy onrro of ** pacemaker.” OnlinatcMp Btrenj^ of Btimuli in arbitrary 
unita, abeciBBSD intervalB in aigma after the bemnning of the provioua normal boat. 
The arrow shows the time of the next normal beat. Kaoh horizontal line joins the 
longest interyal at which that stimulus failed to excite to the shortest interval at 
whkih a premature beat was set up. 



Fia. T-^Beooveiy oorve of ** panemaheg ” In the same experiment aa flga 1 and 9. The 
oatitode of the etimnlating dronit was in poriticm 4 of flg. 2, 
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In the remaining 5 of the 17 experiments, of which hg. 8 is an example, the 
threshold increased during the latter part of the cycle, e.e., the excitability 
reached its maximum relatively early in diastole and then decreased pro- 
gresaively until the end of the cycle. A similar sapemonnal ” phase of 
excitability was described by Adrian (1920) and Wastl (1922) in frogs’ ven¬ 
tricles. It was not affected by tetanic stimulation of the occelerantes, and 
could not be attributed to faulty artificial ventilation, for it occurred when this 
was BO adjusted that normal respiratory movements were present. 



A possible source of erro^^n observations such as these performed on a moving 
tissue must be mentioned, namely, variations in tissue resistance and in 
shunting through inexcitable parts caused by the movements. Three rough 
determinations of the resistance of the tissues between the stimulating elec¬ 
trodes showed that ita average value was 3500 ohms, with a variation of about 
600 ohms during the cycle. In the presence of a 40,000 ohm resistance in the 
secondary circuit, the effect of this variation on the strength of the stimulus 
would be negligible. Variations in the amount of shunting by such inexcitable 
structures as connective tissue or blood in the auricular cavity, cannot be 
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measured, but the constancy of the threshold in the latter part of diastole in 
the 12 experiments is presumptive evidence that these variations are not a 
serious source of error. 

The 17 experiments therefore provide dear evidence that, in the later part 
of diastole, the electrical excitability of the structure stimulated remains 
constant, or passes through a supernormal phase and then slightly decreases : 
in any event it does not rise as the next spontaneous beat approaches. It 
remains to ask, what exactly is the structure stimulated ? The common 
electrode was placed with all care as near as possible to the pacemaker, and it 
may reasonably be assumed that in some experiments at least the pacemaker 
was directly stimulated. But the stimulating current would also have passed 
through adjacent fibres of the sino-auricular node, and, if at any time these fibres 
possessed a lower threshold to electrical stimulation than the pacemaker itself, 
then the observations made at that time concern these fibres and not the pace¬ 
maker. We have no means of detecting whether or when this happens, but 
the behaviour of such rh 3 rthnuG centres is probably very similar to the actual 
pacemaker, which is generally believed to be that particular rhythmic centre 
possessing the most rapid intrinsic rhythm. Thus it may reasonably be 
assumed that any changes found in the excitability of these more highly 
excitable fibres will be similar to changes occurring in the adjacent pacemaker 
itself. We may therefore treat the curves as recovery curves of the pace¬ 
maker. 


(6) Injluerwe of Tetanic Acederantes Stimulation on the Recovery Curve —^This 
was investigated in seven experiments. In all the acceleration of rhythm 
was accompanied by a shortening of both the absolutely and relatively refrac¬ 
tive periods; the total shortening, expressed as a fraction of the total refractory 
period, was less than the shortening of the cycle, expressed os a fraction of the 
whole cycle. In the example shown in fig. 9 the cycle was reduced by 16%, 
the refractory period by about 6%. In some experiments, though not in 
that of fig. 9, the threshold reached at the end of the relatively refractory 
period was lowered a little by the accelerantes stimulation. 

In a complementary experiment, the spontaneous accelerantes tone was 
abolished by division of the nerves. The cycle lengthened &om 269(7 to 
348 a (34%) and the refractory period from 127 o to about 160 a (18%). 

The results are in line with those of Andrus and Carter (1930), who found 
that adrenalin ahortens the absolutely refractory period of cardiac muscle by 
as much as 40%. 
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( 0 ) Infiumce of Tetanic Vagus Stimulaiion on the Seeovery Curve —This was 
inyestigated in 14 experiments, in all of which sabnuudmal stimulation was 
aged, insofficient in intensity to oanse a shift of the pacemaker to some other 
part of the sino-auricular node—a change easily recognized by the abrupt 
alteration in the shape of the action potential (p. 311). The lengthening of 
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Fig. 9—Recovery curve of “ pooemaJeor,” but in addition recovery curve obtained during 
a tetanic stimulation of acoelerantes, which shortened the cycle from ^25 o to 270 o 
OB shown by the two arrows. The circles represent the intervals obtained during the 
acoelerantes stimulation. 

the cycle varied from 16% to over 60%. The effect on the recovery curve 
was variable. 

In aix experiments, one of which appears as fig. 10, the curve remained 
substantially unaltered, and in two others there was a doubtful slight shortening 
of the refractory period. 

In the other six experiments the refractory period was shortened by amounts 
varying from 6%, fig. 11, to 60%. When the shortening was pronounced, 
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Fiq. lO^Reooveiy ourves of ** paoemaker ** both normal and daring a vagal slowing of 
the heart which lengthened the ojole bom 300 a to fi30 o. The oiroles lepnaent the 
intervala obtained daring the vagal slowing. The leooveiy onrve Beema unaltered. 
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Fra. 11—^Recovery inirra of “ ” m In fig. 10 but In luiother eiperiinont, tiio 

ngil ilowing the oyob from 890 a to 400 o and being uoompanled by n 

■light ihorteolng of it&notoiy period. 
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the thieshold reached and maintained during the period of full recovery was 
definitely lowered. 

Taking all the experiments together, we found no relationship between the 
degree of vagal slowing and the change in refractory period. Twice, indeed, 
it was clear that a small change in rate during an experiment can be acoom* 
ponied by a large change in refractory period : thus, after vagus stimulation 
had lengthened the cycle fironi 360 o to 630 o (+75%) and shortened the 
refractory period from 190 o to 114 tr (— 40%), the length of the cycle spon¬ 
taneously diminished to 660 a (+ 63%) through vagal fatigue, and at the same 
time the refractory period increased to 182 a (— 4%), almost its original 
value. 

The variability in the effects obtained with vagus stimulation might be duo 
to small difierenccB in the placing of the stimulating electrodes causing the 
siao-auricular node to be stimulated directly in some experiments and only the 
auricular muscle in othera This would disturb the results only if the vagus 
stimulation has a grossly different effect on the auricular muscle. We tested 
this effect deliberately in three experiments: in two of them the rate was 
slowed by 30% to 40% and the refractory period of the auricular muscle 
remained unchanged; in the third, the rate was slowed by 43% and the 
refractory period of the muscle shortened from 180 o to 76 <t. In the latter, 
the refractory period of the pacemaker was shortened almost to the same 
extent, for the premature beats, with the possible exception of the one at 
75 o, disturbed the rhythm of the pacemaker (see p. 356). It seems, then, 
that the pacemaker and the auricular muscle are similarly affected by vagus 
stimulation, and that the variability of the present results is not due to 
inaccurate placing of the electrode. 

Lewis, Drury and Bulger (1921) and Andrus and Carter (1930) found that 
tetanic vagus stimulation invariably produced a great shortening of refractory 
period in the mammalian auricle. The constancy of their results may bo due 
to the use of stronger vagus stimulation than we employed. On the other 
band, Ishikawa (1924) found that vagus stimulation had no effect on the 
recovery curves of frog’s sinus, auricle, and ventricle. 

(d) The Recevery of ExcUabilUy afier Prematufe Beats —^This was examined 
in 14 experiments, by applying to the pacemaker two stimuli, separated by a 
varied short interval The first stimulus set up a premature beat, and the 
second tested the recovery of excitability after this beat. The refractory 
period following the premature beat was always shorter than normal, and its 
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ahorteDing was greater when the curtailment of the previous cyole was greater. 
Fig. 12 shows approximately a normal recovery curve {cf, fig, 6) and a recovery 
curve after a premature beat which curtails the previous cycle by one half. 
The curves are almost parallel; between them would lie the corresponding 
curves obtained after less curtailment of the previous cycle. Fig. 13 also 
shows recovery curves after a normal and an early premature beat; a super¬ 
normal phase is present, and moves earlier with the shortening of the refractory 
period. 

T 

I I 

I I 

« I 



Fio. 12—Recovery curves of ** psoemaker/* the one on the right side being the normal 
recovery curve (see 3g. 6 for details of this), and the other the recovery curve after 
a premature beat set up after a curtailed cycle equal to 0-5 of a normal cycle. This 
curve is apfffozimately drawn through the peipondioular lines which for each interval 
join the weakest stimulus which excited to the strongest stimulus which failed to 
excite. At an interval of 90 o this perpendicular lino had no length, for at a strength 
of 15-4 the Btimulus someiimeB excited and sometimes failed to excite. 

The earlier recovery of excitability after a prematoie beat vas discovered 
by Trendelenburg (1903) in frog’s ventricle, and observed by de Boer (1916), 
Ishikawa (1924), Umrath (1926), Lewis and Master (1926), Schellong and 
Sohilts (1928) and Buchthal (1931), the last two investigations showing that 
the shortening of refractory period corresponded with the shortening of the 
action potential of the premature beat. 

Disouasion 

Any plausible theory of the production of rhythmic impulses by the pae^ 
maker, must postulate some sort of continuous ptooeas or bhange in the pace- 

I 
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maker during the interval between two impulses. From the observations 
that have been described two general statements, both of a negative character, 
may be made about the nature of that process. 

The first statement is that no demonBlfable fdationnki^ exists between the 
course of that •processy and the electrical excitability of the pacemaker. This rests 
on the following observations :— 

1. The electrical excitability in the last third (approximately) of the normal 
cycle cither does not alter, or shows a slight decline subsequent to a super¬ 
normal phase (Section C, (a)). All this time the hypothetical process must 
be continuing. 



Fio. 13--AS in fig. 12 in another experiment. 

2. When the time-course of the hypothetical process is shortened by excita¬ 
tion of the accelerantes, the refractory period to electrical excitation of the 
pacemaker is also shortened; but, when the time-course of the hypothetical 
process is lengthened by vagus excitation, no lengthening of the refractory 
period is found. On the contrary, it is often shortened, and that to a highly 
variable degree (Section C, (6), (e )). 

3. In the cycle initiated by a premature beat, i.e,, the premature beat cycle, 
the time-course of the hypothetical process is lengthened (see p. 335), but the 
refractory period is shortened (Section C, (d)). 

The abaenoe of relationship between the rhythmic process and extrinaio 
electrical excitability was inferred by Hering (1907) from the fact that some 
drugs which stop the heart-beat increase the excitability. Cuahny drew the 
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nftmfl oonoliuioii from OTidence lesembling that of observation 1 above. The 
present observations, however, with the application of stimuli as near as 
possible to the seat of the rhythmic process (the pacemaker) itself, place the 
generalisation on a more secure basis. The only previous attempt to investi¬ 
gate directly the excitability of a rhythmic centre was Ishikawa’s (1924) work 
on the firog’s smus, where he found that excitability increased through diastole 
right up to the appearance of the next beat; in this respect the frog’s sinus 
and the cat’s aino-auricular node would soem to differ. 

The second statement is that, in the interval beheeen two imptdses, the hypo- 
theiioal process in the pacemaker does not betray Usdf by giving rise to any detect¬ 
able dectrical potential (Section B). 

According to the membrane theory an impulse in nerve or muscle is propa¬ 
gated as a change of polarization and permeability in certain membranes, and 
an impulse is set up by an extrinsic stimulus, e.^., an induction shock, when 
that stimulus produces a sufficiently great diminution in the polarization of the 
membrane in question (the condneting membrane). An attractive explanation 
of the intrinsic setting up of an impulse, the origin of a normal beat in the 
pacemaker, would be that the polarisation of the conducting membrane suffered 
a progressive diminution until it passed the oritical point and an impulse was 
then set up. But then one would expect the setting up of this impulse to be 
preceded by:— 

(a) a slowly developing eleotrical potential, the pacemaker becoming increas¬ 
ingly negative, and 

(b) a gradual change in electrical excitability, the pacemaker becoming more 
and more easily excited ; and these changes should continue right up to the 
moment at which the beat was set up. 

Since neither of these effects are observed experimentally, the sdting up of the 
impulse cannot be preceded by a gradual diminulion in the polarization of the 
oonduding membrane. The changes in this membrane signalled by the beginning 
of the action potential of the beat must be impressed on it by some other mechanism 
in which the graducA prdiminary changes must have been occurring. It is this 
mechanism which is the seat of the rhythmic activity of the pacemaker. In the 
following papers this rhythmic mechanism will be subjected to a more direct 
investigation. 

Summary 

This paper is the first of a series in which an attempt has been made to 
investigate the mechanism responsible for the rhythmic production of boats 
by the pacemaker of the heart. 
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The poflition of the pacemaker has been determined by the usual methods. 
In some experiments it has been found to be rituated in the bead of the sino- 
auricular node (agreeing with Lewis and Sulse), but in other experiments it 
has been located more towards the middle of the node, 

No potential changes have been detected in the pacemaker preceding those 
produced by the impulse, hence it is concluded that the processes responsible 
for setting up the beat are not associated with potentials of the same order of 
magnitude as those produced by the propagation of the impulse. 

The recovery of excitability at various stages after a normal beat has been 
tested by applying at random stimuli of varying strengths. The recovery 
curves constructed from such experiments show the following features. 

1. The absolutely rofm^ry period usually lasts for about half the cardiac 
cycle and the relatively refractory period is very short, so that maximum 
excitability is always reached before two-thirds of the cycle have elapsed. 

2. During the last third of the cycle the excitability usually remains constant, 
but it may decline so that a supernormal phase is present. 

3. Stimulation of the nervi accelerantea slightly quickens all phases of the 
recovery curve. 

4. Stimulation of the vagus may also quicken the recovery, but quite marked 
vagal slowing may be accompanied by no change in the recovery curve. 

6. The recovery of excitability is always quickened after a premature beat, 
though the cycle after that beat is longer than normal. 

On account of this complete lack of correlation between the recovery of 
excitability of the pacemaker and its spontaneous setting up of beats, it is 
concluded that the stimuli do not act directly on that part of the pacemaker 
responsible for this rhythmic production of beats, i.e., on the rhythmic 
mechanism of the pacemaker. Since the setting up of a beat is not pre¬ 
ceded by any detectable action potential, it is concluded that the rhythmic 
mechanism is not situated in the surface membranes of the muscle fibres 
composing the pacemaker. 
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EXPLANATION OF PLATE 

Fia. 1—nA series of records of action potentials fiom the beating heart. The white lines 
are records from the Matthews oscillograph, and the black lines (indicated by upper 
arrow, observation 3} show simultaneous string galvanometer records with both 
loads in a oonstant position on the body of the auricle. The grid lead to the Matthews 
oscillograph was in position 6 of fig. 2, while the earthed lead was in position 5 for 
observations 1 and 4 and position 4 for observations 2 and 8. The first arrow below 
the fourth observation indicates the small initial action potential arising ficom the 
sino-aurioular node, the seoond arrow indicating the large auricular action potential, 
and the third aiiow the ventrioular action potential. The coupling oondensers have 
a capacity of 0-02iiF. This and all subsequent records read left to li^t, and an 
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apwud deflection indloates negativity of the earthed lead, t.e., the lead fiom the 
paoemaker. Tuning folk, 1 d.v. ^ lOe. 

Fzo. 3—A Borlea of action potentials of nonnal and prematuro boats recorded by the 
Matthews oaoillogiaph. In obeervations 1 and 5 premature beats were set up by an 
induction shook, the cathode of the stimulating ciieuit being also the earthed lead 
of the teoording system. The main auricular deflection of the action potential oceun 
after the record of the stimulus arte&ot (indicated by the arrow above observation 1). 
In observation 2 there is a record of the stimulus artefact which was too soon after 
the previous beat to set up a prematuro beat. The inognlar series of doflootions 
following this artefact is the ventricular action potential corresponding to the previous 
nonnal beat. Observation 6 is a more highly amplified record of a normal beat. 
Coupling oondonsen « 0'002(jlF. 

Vlo. 4—A series of observations similar to fig. 3 but taken with a slower plate in order to 
show the dUturbanoe of rhythm produced by premature beats (indicated by arrow). 

fto. 5—^Normal action potentials with leads in positions 4 and 6 of Og. 2. Coupling oon- 
denseiB » 4(xF, The first arrow indicates the abrupt onset of the action potential 
and the second arrow indicates the ventricular T wave. 


6X2. 172.2. 

The Rhythm of the Heart Beat. II —JHslurhanoe of rhythm produced 

by Late Premature Beats 

By J. C. Eocles and H. E. Hoff 

(The Physiological Laboratory Oxfonl) 

(Communicated by Sir Charles Sherrington, F.R.8.—Received August 21, 1933 

—Revised April 21, 1934) 

The disturbance of cardiac rhythm by a premature beat was first studied by 
Marey (1875), who found that the lengthening of the cycle following the 
premature beat usually just compensated for the shortening of the cycle 
preceding it, the two cycles together being equal to two normal cycles. The 
phase of the rhythm therefore suffered only a transient disturbance by the 
premature beat. Engelmann (1896) obtained similar results when premature 
beats were set up by stimulation of the frog's ventricles, but later (1897) he 
stated that there was no lengthening of the cycle following the premature beat 
set up by stimulation of the vena cava. On the basis of these observations he 
put forward the suggestion that the ventricle beats in response to discrete 
impulses discharged rhythmically from the smus. A premature beat set up by 
stimulation of the ventricle would be prevented from reaching the sinus by the 
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next nomud impulie firom there, and eo Ihe eanntial rhythm of the heart (the 
■inna rhythm) wonld remain undietoibed, t.e., there would be a oom^etdy 
oompeneatory panae following the ventricular premature beat. Cuahny and 
Matthewa (1897) working for the firat time with premature beata of mammalian 
hearta found that an auricular premature beat waa only followed by a oom- 
penaatory pauae when aet up lelativdy late in a cardiac c^cle. The pauae 
following earlier premature beata waa too abort to be compenaatory. Bering 
(1900) conjGrmed both Engelmann and Marey by finding oomplete oompenaation 
after ventricular premature beata, but this waa rate with auricular premature 
beata and he stated that premature beats aet up by atimulation of the vena 
cava were followed by a pauae equal to a normal cycle (cf. Engelmann), though 
hia figures show a slight lengthening. 

Wenckebach (1903, 1904) elaborated the auggeation of Engelmann (1897) 
in order to explain the condition of partial oompenaation which is especially 
frequent with auricular premature beata aet up early in diastole. Such pre¬ 
mature beata would be conducted to the pacemaker and would excite it before 
the next normal beat waa due to be aet up. This conducted premature beat 
of the pacemaker would be aimilar in effect to a beat directly aet up, it 
would be followed by a cycle of normal length, the phase of the rhythm would 
be altered, and the pause following the auricular premature beat wonld not be 
completely compenaatory. However, this explanation would not account for 
the finding of Cuahny and Matthewa that such incompletely compenaatory 
pauses are the longer the earlier the premature beat. Wenckebach therefore 
made the additional assumption that the conduction rate in the auricle waa 
slowest early m diastole and gradually became more rapid. This has since 
been experimentally proved by Lewis and Master (1925) and by Drury and 
Begnier (1928). 

Despite certain critioiams notably by Hofmann and Holsinger (1912), but 
also by Cuahny (1912), Sansun (1912), Lewis and White (1914), Miki and Roth- 
batger (1922), and Lewis (1926), Wenckebach’s explanation still is in satis- 
faotozy agreement with almost all the rdiable experimental observations that 
have bem obtained (^. Rothberger, 1920; Lewis, 1926). Neither Hofinann 
and HoLdnger’s nor Cushny’a results were obtained with normally beating 
intact hearts. The one experiment of Miki and Rotiiberger which seemed 
to offer the moat difficulty to Wenckebach’s explanation was undoubtedly 
oomplioated by stimulation of the vagal inhibitory fibres (see p. 834). Sansun 
as well as Lewis and White attempted to stimulate the pacemaker and fcond 
that the cycle following a premature beat was longer than normal, but Lewis 
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and White thought that this deviation from Wenckebach’s explanation could 
be due to inaccurate placing of the electrodes on the pacemaker, and little 
weight need be attached to Sansun’s deviations which were barely significant 
with his method of recording. Moreover, Lewis, Meakins, and White (1914) 
actually produced an experimental confirmation of Wenckebach’s explanation 
by directly measuring conduction times. 

Hofmann and Holzinger (1912) give the clearest exposition of an alternative 
hypothesis. They believe that a premature beat of the pacemaker is followed 
by a pause longer than normal, and that the earlier the premature beat the 
longer is this pause, for the condition of “ exhaustion ” following such a 
premature beat is the greater the earlier it is. Miki and Rothberger (1922) 
give an unconvincing discussion of their own results and come to tho conclusion 
that Wenckebach’s explanation holds for premature beats conducted to the 
pacemaker, but with premature beats directly set up they state that there is 
also an " inhibition,” which they fail to distinguish from the inhibition produced 
by stimulation of vagal inhibitory fibres (p. 334). Rothberger later (1926) 
adopts Wenckebach’s explanation entirely, but Lewis (1925) thinks that Miki 
and Rothberger's experiments offer a difficulty to the complete acceptance of 
Wenckebach’s explanation. 

An attempt has here been made to clear up the present unsatisfactory 
state of the subject by systematic study of the effects produced by direct 
stimulation of tho pacemaker in a heart beating spontaneously under con¬ 
ditions as near normal as possible. The method adopted was that described 
in tho previous paper, p. 308. 


I— Experimental iNVEaxiGATioN 
A —The Bhyihm of the Heart Beat 

Mines (1913) called attention to the great regularity of the rhythm of the frog’s 
heart beat, and by means of an ingenious apparatus was able to detect very 
small changes in the rhythm. He found that the variations in the lengths of 
the snocessive cycles did not exceed 1%. We have found that the denervated 
cat’s heart is still more regular. Usually successive cycles do not vary by more 
than 0*5% and frequently the variation is leas than 0*2%, which is about the 
limit of measurement in our records. As a consequence the investigation of 
heart rhythm may be conducted with a relatively high degree of accuracy. 

vou coev.— B. 2 A 
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B —Ditiurbance of Rhythm ‘produced by a Single Premature Beat 

1— Introduction —Fig. 4, Plate 15, of tlie previous paper and fig, 1 show obser¬ 
vations in which single premature bests have been set up at various phases of 
the normal rhythmic cycle of the heart by a stimulus applied as near as possible 
to the pacemaker. It will be seen that the premature beat has produced a 
disturbance in the rhythm of the pacemaker, the length of the cycle after the 
prematuTt! beat being obviously longer than a normal cycle. Accurate measure¬ 
ments (Tables 1 and 11) also show that even the next cycle may be slightly 
lengthened, but thereafter the normal rhythm is resumed and continued 
indefinitely. In discussing this disturbance of rhythm a definite terminology 
is needed, and the one here adopted is shown in fig. 1 for “ single premature " 
beats, and in fig. 2 for a " second ‘premature ” beat curtailing the first premature 
beat cycle (see the second part of this paper). 

In the next paper it will be seen that as a premature beat is introduced 
progressively earlier in a normal cycle, t.e., as the curtailed normal cycle is 
progressively shortened, there is with a very short curtailed cycle an abrupt 
transition to an absolutely difEerent disturbance of rhythm. Premature beats 
ate classified as early-premature-beats and late-premature-beats according as 
they are earlier or later than this transition point. This paper is concerned 
exclusively with late-premature-bcats, and they will for shortness be called 
simply premature beats. 

2— Qenerdl Description of Relationship between Durations of Curtailed Cydet 
and Late Premature Beat Cycles—In Table I are given the measurements of a 
series of observations each value being expressed as a fraction of the preceding 
normal cycle. As the curtailed cycle shortens the premature beat cycle 
progressively lengthens, and there is also a tiight lengthening of the subsequent 
cycle. Although the normal rhythm is resumed after the subsequent cycle, 
its phase is altered, for the lengthening of the premature beat cycle and of the 
subsequent cycle (where this occurs) does not completely “ compensate ” for 
the shortening of the curtailed cycle. 

In many experiments there is no appreciable lengthening of the subsequent 
cycle, and in no experiment does it amount to more than one-fifth of the 
lengthening of the premature beat cycle {af. Table II). Its consideration will 
therefore be deferred (p. 340) until the lengthening of the premature beat 
cycle has been fully dealt with. 
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8timalas StimoltiB 

artefact artefact 

Pio, 2—in fig. 1, but with a aecond premature beat curtailing the first premature beat cycle. 
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Table I—Single Premature Beats 


Curtailed 

Premature beat 

Subseque 

oyclo 

cycle 

cycle 

0-935 

1035 

100 

0-92G 

1-05 

l-OO 

0-81 

1-085 

1-00 

0-795 

1-105 

1-005 

0-746 

1-105 

1-00 

0-71 

1-12 

1-01 

0-67 

1-125 

l-Ol 

0-07 

1-125 

101 

0-66 

1-125 

1-01 

0-615 

1-13 

1-005 

0-61 

1-13 

1-005 

0 596 

1-14 

1-01 

0-58 

1-145 

1-01 

0-50 

1-145 

1-005 

0-545 

1-155 

1-01 

0-625 

l-lfl 

1-025 

0-46 

1-165 

1-005 


Graphical representation has been adopted in order to study in detail the 
relationship between the durations of the t^urtailed cycles and of the corre¬ 
sponding premature beat cycles. In fig. 3 the results of Table 1 have been 
plotted, the durations of the curtailed cycles being ordinates and time absoissa 3 . 



Fio. 3—Plotting of result* to show relationship between durations of curtailed and pte- 
matUR beat cycles. Curtailed cycles plotted os ordinates from B to A and premature 
beat cycles as abscissn from A to D. All values are expressed as fittotlons of the 
normal cycle. Further details in text. 


The premature beats have been Bynchronized so as to fall on the line AB 
perpendicular to the X axis. The preceding normal beats will therefore lie 
on the line OB where OA = AB = one normal cycle, and the subsequent beats 
are seen to lie along the line DE. The temporal course of events in each 
observation is given by a line drawn parallel to the X axis. Thus with the line 
PQR, P is a normal beat, Q the premature beat, and R the subsequent beat, 
PQ being the cmtailed cycle and QR the corresponding premature beat cycle. 
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In Table I and fig. 3 it will be seen that progressively longer curtailed cycles 
are followed by shorter and shorter premature beat cycles, until witli a cur¬ 
tailed cycle just shorter than a normal cycle the premature beat cycle is just 
longer than a normal cycle. In the limiting case, therefore, the rhythm is not 
disturbed by a beat set up simultaneously with a normal beat, t.e., OA == All = 
one normal cycle. Similar relations between curtailc<l and premature beat 
cycles have been obtained in all of the 35 experiments in which single premature 



Fig. 4 —Plotting as in fig. 3. The line DF iihowis the curve for the least lengthening of the 
premature beat cycle, and D£ the curve with the greatest lengthening. 



Flo. 0—Plotting as in fig. 3. The curve D£FG shows the curve for the premature boat 
cycles as predictcMl according to Wenckebach’s hypothesis. See U'xt. 

beats have been set up. In fig. 4 the line DE shows the curve for the experi¬ 
ment with the greatest lengthening of the premature beat cycle (1*25 times 
normal), and DF for that with the least (1-05 times normal). In all experi¬ 
ments the curve has been smooth with a convexity to the right. 

3— Wericl^baoKa ExplaruUion —Can this lengthening l)e reconcilwl with 
‘Wenckebach’s explanation by assuming an inaccurate placing of the stimulating 
electrodes on the pacemaker as suggested by Lewis and White in discussing 
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the Bigniiicance of their own somewhat siiniiar results ? According to Wencke¬ 
bach's explanation the curve from D (fig. 6) should be parallel to OB for a 
distance UE equal to the conduction time to the pacemaker, and should then 
follow a course dependent on the changes in the conduction time in the various 
stages of recovery existing for each length of curtailed cycle. Drury and 
Regnier (1928) found that the conduction rate of the mammalian auricle 
recovered to normal in about 0'17 seconds after a previous beat, and so 
lengthening of conduction time could only exist for observations with very 
short curtailed cycles. This has been confirmed in the present series of experi¬ 
ments for the conduction rate has been observed to be constant during the last 
0 -25 of the cycle. The curve would, therefore, have a section BF perpendicular 
to the X axis until the curtailed cycles became so short that the conduction 
time lengthened giving rise to the section FG. Shift of pacemaker after the 
premature beat (I^cwis, 1925, p. 225) would produce further modifications in 
the curve, but it only occurred in a few observations. The dissimilarity between 
fig. 5 and the curves obtained in all our experiments is so obvious that no 
detailed consideration is necessary. In none was there the sharp angle DEF 
or the concavity EFG to the right. In several experiments there was a portion 
DE parallel to OB—in five for more than 0*05 of the normal cycle (c/. Table 
II), but in none did it terminate in an angle DEF, and in no experiment was 
there the concavity EFG to the right. Wenckebach’s explanation, therefore, 
will not do. 

The above parallelism of the experimental curve to OB for longer than 0-05 
of a cycle from its origin may be due to the premature beat being set up by a 
stimulus applied some distance from the pacemaker, but this explanation 
seems inadequate as the distance would have to be as long as 1 cm to account 
for such results. Usually the phase of the rhythm changes after a premature 
beat set up with a curtailed cycle as long as 0-98. This shows that the pre¬ 
mature beat is set up close to the pacemaker, but the location of the pacemaker 
by this method {cj, Hirschfeldcr and Eystcr, 1907) w not very precise, because 
in any case the initial part of the curve, e.g,^ DE in figs. 3 and 4, deviates very 
sliglitly from parallelism with OB. 

4 —Siimidalion of Terminal Fibres of Vagus —Is the lengthening of the 
premature b(*at cycle due to inhibition resulting from direct stimulation of the 
vagal nerve fibres by the stimulus setting up the premature beat ? The 
effects of stimulation of these nerve fibres have been described by Gaskell 
(1883), Engelmann (1895), and Miki and Bothberger (1922). 
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In five of out experiments it was noticed that stimuli falling in the absolutely 
refractory period, t.c., stimuli which failed to set up a premature beat, caused 
a lengthening of several normal cycles, whioU was most marked in the first 
cycle. When a stimulus fell later in a cycle and set up a premature beat, 
there was a similar lengthening'of the cycles following the premature beat 
cycle. Now the time course of this lengthening corresponds closely with that 
produced by stimulating the cervical vagus with a single induction shock 
(Brown and Eccles, 1934), the latent period of the efEoct being, however, about 
20 o longer in the latter case. A particularly favoiirable example for this 
comparison was one in which a considerable slowing of the heart was produced 
by a stimuluB which was too weak to give rise to a premature beat. It may 
therefore be concluded that the slowing observed in these five experiments is 
due to direct stimulation of vagal nerve fibres in the heart muscle. Vagal 
nerve fibres could not have been excited in those experiments where the rhythm 
was unaffected by stimuli falling in the absolutely refractory period, i.e., in 
aU of our experiments except the above five; hence the lengthening of the 
premature beat cycle in such experiments could not be due to vagal inhibition. 

5—-Concfimows—It seems, therefore, that the lengthening of the premature 
beat cycle is direotly due to the premature beat. The pacemaker is excited before 
a beat would normally arise there, and as a conseqfjence an abnormally hmg 
interval, the premature beat cycle, dapses before it can again give rise to a beat, 
i.e,, a temporary depression of rh^micUy follows a premature heal. The length 
of this premature beat cycle shows that this depression is greater the earlier 
the premature beat, ».c,, the shorter the curtailed cycle. 

As judged by the relative lengthening of the premature beat cycle the amount 
of this depression varies greatly in different experiments, and often it gradually 
declines throughout an experiment, e.g., fig. G. In most of such experiments 
there has been a parallel slowing in the frequency of the beat, which frequently 
appears to be a consequence of excision of the accelerantes (both or right only). 
Or it may be that the diminution in lengthening of the premature beat cycle 
is an indication of a gradual deterioration of the preparation resulting from 
the initial operative procedures. It does not seem to be related to changes in 
the ventilation of the preparation, for this has varied both above and below the 
normal requirements, while any progressive change in the premature beat 
cycle has always been in the direction of shortening. In some experiments, 
however, both the premature beat cycle and the frequency of the heart have 
not appreciably changed over a period of many hours, fig. 7, and in some the 
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frequency has remained constant while there has been a great shortening of 
the premature beat cycle, fig. 8. 

6 —Effect of Accderantes on Lengthening of the Premature Beat Cycle —In six 
experiments single premature beats have been elicited during the acceleration 
of the heart resulting frx>m tetanic stimulation of the right nervi accelerantes. 
In fig. 9 the results have been plotted as in fig, 3 and show that the relative 
lengthening of the premature beat cycle is greater than for the corresponding 



Fio. 6 


as 




■■I , A —.-j 

/7 /2 

Fio. 7 



Fxa. 0—Curves of premature beat oyeles (abeoissfle) plotted against curtailed cycles 
(ordinates), as in fig. 3, except that abscisiue are plotted only from I> onwards. The 
curve showing the greater lengthening of premHlure beat cycles was obtained at the 
beginning of the experiment (length of cycle about 310 o), the other curve being 
obtained much later (length of cycle then about 306 a). Fio. 7—^Asin fig. 6 but with 
the individuRl points plotted to show that in this particular experiment there was no 
appreciable change in the curve over many hours. Fio. 8—As in fig. 6 in another 
experiment. 


normal rhythm, indicated by the broken line taken from fig. 7 (same experi¬ 
ment). Similar results have been obtained in each of the other five experi¬ 
ments, but in the latter part of one experiment stimulation of the accelerantes 
failed to alter the relative length of the premature beat cycle, although it 
still produced a 15% increase in frequency. In the other five experiments the 
relative lengthening of the premature beat cycle was remarkably constant 
even though there won a progressive diminution of this lengthening in the 
absence of accelerantes stimulation. Thus in fig. 10 the observations obtained 
during accelerantes stimulation showed no gradual change, though without 
accelerantes there were during the same period the changes shown in fig. 6. 
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In all these experiments the observations have been made in groups of 10 
to 20, each group being taken during a continuous tetanic stimulation of the 
nervi accelerantos lasting for one to two minutes. A group of normal observa¬ 
tions has been made during the period of rest interpolated betwiM^u each such 
tetanic stimulation. In three experiments the onset of the acceleration has 
been so gradual that one or more premature beats have been set up before 
the full frequency has been attained. In all such experiments the increase in 
the relative lengthening of the premature beat cycle has lagged behind the 
acceleration of the rhythm. Thus in fig. 11 the points show the premature 
beat cycles for those observations which, though soon after the beginning of 



Fio. 9 Fio. 10 

Fig. 0 —Plotting as in fig. 6. The broken lino shows the curve for the normal rhythm* 
cyderi 420 o (see fig. 7 for the points), and the points show obeorvutions obtained during 
shortening of tho cycle to 260 9 by tetanic stimulation of tho nervi accelerantos. 
Fta. 10—^As in fig. 0 but in same experiment os fig. 0, tho points being obtained during 
the whole range of the variation of the curvo for normal rliythni, tiio acceleratod 
cycles gradually increasing in duration from 275 o to 300 o. 

the accelorantes tetanus, occurred when more than 90% of the maximum 
change in frequency liad taken place. The corresponding curves for later 
observations in each group {cj. fig. 10), and for observations with normal 
frequency (cf. fig. C) are shown by the broken lines. Conversely if the frequency 
declines during the latter part of an accelerantes stimulation, there is no parallel 
decrease in the relative lengthening of the premature beat cycle. For example, 
a decline of acceleration to half its maximum has not caused any appreciable 
decrease in the relative lengthening of the premature beat cycle. 

This lack of parallelism between changes in frequency and in relative 
lengthening of tho premature beat cycle is further borne out by the only 
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experiment in whioh the change of frequency produced by removal of aoceler- 
antes tone has been investigated from this point of view. Fig. 12 shows the 
curve for premature beat cycles before and after excision of both nervi aooeler- 
antes. The normal cycle lengthened from 259 o to 348 a, but there was 
practically no change in the relative length of the premature beat cycle. At 
most there seemed to be a alight decrease in the initial slope of the curve. 



Fio. 11 Fxo. 12 

Fia. ] I—Same experiment as fig. 10, the points representing the early observations of the 
group obtained during each oontlnunus accelerantoe totanua. The broken lines show 
tho curves for the normal rhythm, flg. 6, and for the later observations of each group, 
fig. 10. Fia. 12—Plotting aa in fig. 6. The dots show obsorvationi with both nervi 
accolerantes intact, the circles after their exoUion with consequent removal of 
aocolciantes tone. 

7 —Effect of Vagus on Lengthening of the Prefnature Beat Cycle —In eleven 
experiments single premature beats have been elicited during the slowing of 
the heart produced by tetanic stimulation of the right vagus. The strength 
of the Bubmaximal stimulus employed was adjusted so that there was a 10 to 
50% lengthening of the cardiac cycle. Only those series of observations have 
been considered in which the action potentials showed that there was no 
appreciable shift of pacemaker (p. 318). 

In fig. 13 where the results have been plotted as in fig. 3 it will be seen that 
the relative lengthening of the premature beat cycle is greater than for the 
corresponding normal rhytbm (indicated by the broken line). The slowing of 
the rhythm together with the usual shortening of the refractory period accounts 
for some values of curtailed cycles during vagal stimulation being relatively 
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ahorter than normal; hence a greater range of the curve can be experimentally 
determined. 

In all the other ten experiments with vagal slowing there was also a greater 
relative lengthening of the premature beat cycle. In some experiments, 
fig. 14, this increase in relative lengthening takes place for all lengths of cur¬ 
tailed cycles, «.e., the curves for normal and vagal slowing deviate from the 
common point of their origin. In other experiments vagal slowing only causes 
the curves to deviate with curtailed cycles as short as 0-9 or even shorter, 
fig. 13, Tins is especially so where there is with normal rhythms an initially 



Fio. 13 Fia. 14 Fig. ir> 


Fig. 13— Ab in 0 but the points were obtained durJog Jengthening of the cycle by 
tetanic Htiniulation of the vagiifl from 350 tj to 530 o, Fio. 14—As in fig. 13, but in 
another experiment, the cycle being lengthened fmm 390 o to 500 a. Fiu. 15—ISamn 
experiment as hg. 13, but in fig. 15 the poiniH arc fh>in obeervatioim in tho later part 
of each group obtained during a continuoiifl vagal tetanus, and in fig. 13 from tho 
earlier part. During the later part of tho vagal tetanus the cycle had shortened 
&om 530 o (SCO fig. 13) to about 400 o. 

relatively rapid lengthening of the prematun* beat cycle as the curtailed cycle 
is shortened. 

In most experiments about 10 observations have been made during a con¬ 
tinuous vagal tetanus in exactly the same way as was done with accclerantes. 
However, the diminution of vagal effect during stimulation is much more rapid 
than with accelerantes, and so this method has not proved so satisfactory. In 
some of these experiments the relative lengthening of the premature beat 
cycle has diminished much more rapidly than the vagal slowing of the rhythm, 
e,g,, in fig. 16 the points are taken from the latter part of each group of observa- 
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tions and show only about half the increase of relative lengthening obtaining 
for the early observationB of each group, fig. 13. though the average lengthening 
of the cycle has only decreased from 60 to 40%. In other experiments the 
changes in the premature beat cycle have been approximately parallel to the 
changes in the rhythm. 

In five experiments an attempt has been mode to determine the effect of 
abolition of vagal tone produced by cutting both vagi. Unfortunately in 
three the vagal tone was so slight that the increase of frequency was less than 
10%. In the two others it was 12% and 16% respectively- In none was there 
any appreciable change in the relative lengthening of the premature beat 
cycle. In one of these experiments, that with 12% change, stimulation of the 
cut right vagus nerve was employed to slow the heart to the rhythm obtaining 
with tonic action of the vagus. There was then the usual increase in the 
relative lengthening of tlie prematiire beat cycle. Thus it seems that with 
vagus as well as with accelcrantes the effect on rhythm can be dissociated 
from the effect on the relative lengthening of the premature beat cycle. 


Table 11—Single Premature Beats 


Curtailed 

Prematuru 

SubAoquent 

Cyrle after 

ryolo 

beat oycio 

uycle 

Rufacicquent oynlo 

004 

1-06 

1 -00 

— 

0-04 

106 

0-99 

— 

000 

1-075 

lot) 

- - 

OH86 

1-085 

0-90 

— 

0-87 

1-09 

1-005 

1*00 

0-85 

l-IO 

1 -00 

0*995 

U-S5 

1-10 

1 00 

— 

0*845 

1-10 

1-00 

— 

0-81 

1*12 

l-oo 


0-81 

1*125 

1*006 

1 -00 

0-775 

1*1.15 

l-OO 

—. 

0-76 

1-15 

1 -005 

— 

0-715 

1*17 

1-015 


0*71 

I-J55 

J-0I5 

— 

0-05 

1*155 

1-01.1 

- - 

085 

1-16 

1-02 

1*00 

0*02 

1-176 

1-016 

— 

0-fll 

1-155 

1*0.1 

1-00 

O-ttO 

1-18 

1 026 

1-00 

0-58 

1-185 

1025 

0-99 

0-515 

1-205 

1-04 

101 

0-465 

1-23 

1-03 

0-995 


8 —Letufihening of the aubsefptetU Cycle (cf. Ijcwis and White, 1914 ; Sansun, 
1912)—Table II shows a series of observations from an experiment in which 
the lengthening of the subsequent cycle was particularly well developed. It 
will be seen that there is no appreciable lengthening until the curtailed cycle is 
shorter than 0*76, and that the amount of the lengthening increases as the 
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curtailed cycle is shortened further. Unfortunately the cycle after the 
subsequent cycle could only be measured in some observations (in the others 
it was ofE the plate), but it showed no tendency to differ from the normal cycle. 
This lengthening of the subsequent cycle cannot be due to stimulation of 
vagal nerve fibres (p. 334), for it did not occur when the curtailed cycle was 
long or when the stimulus failed to set up a premature beat owing to its falling 
in the absolutely refractory period. Moreover, it is probably not due to a 
temporary displacement of the pacemaker to another rhythm centre, l>ecause 
the action potentials of the beats before and after the lengthened subsequent 
cycle are indistinguishable from tliose of normal beats. A possible explanation 
of the lengthening of the subsequent cycle will be suggested in the next paper 
(p. 364). 


C —Effect of Two Premature Beals on Rhythm 

The experiments with a single promature beat clearly show that the dis¬ 
turbance in rhythm produced thereby is due to an interference with the 
rhythmic mechanism of the pacemaker. The lengthening of the premature 
beat cycle is an expression of the effect produced in this mechanism by the 
action of the premature beat. One method of analysing this effect is provided 
by an investigation into the disturbance of rhythm produced by a second pre¬ 
mature beat which curtails this lengthened premature beat cycle. A similar 
method was used when investigating the disturbance of the rhythmic discharge 
of motoneurones produced by “ backfiring ” impulses into them (Eccles and 
Hoff, 1932) and it will be seen that in many respects these two investigations 
have yielded comparable results. 

Fig. 2 is a tracing of one observation from a series in which the curtailed 
premature beat cycle was 0 - 913 of a normal cycle, and in fig. 16a aU the observa¬ 
tions of the series have been plotted according to the convention adopted when 
dealing with the action of single premature beats. In fig. 166 the positions of 
the subsequent beats, t.e., the ends of the second premature beat cycles are 
shown on a larger scale. Fig. 16c shows the observations similarly plotted for 
curtailed premature beat cycles equal to 0*976 of a normal cycle. Unfortunately 
there were only three observations in this experiment with fairly short cur¬ 
tailed premature beat cycles (0*666 of a normal cycle). A more complete 
series is shown in fig. 17 with curtailed premature beat cycles of 0-960, 0-66 
and 0-60 of a normal cycle. When the curtailed premature beat cycle is 
short, the length of the second prematuie beat cycle is independent of the 
length of the ourtaQed normal cycle, and the longer the curtailed premature 
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beat cjcle, the more is the length of the second premature beat cycle affected 
by changee in the length of the curtailed normal cycle. However, when the 
curtailed premature beat cycle is very short, e.jr., less than 0-6, the disturbance 
of rhythm usually resembles that produced by oarly-premature-beats. Such 



Fia. 16a—Obeervatioos with two premature beata plotted on the aame principles as 
those for single premature beats in fig. 3. In order that the lengths of the second 
piematoro beat cycles should be immediately observable along the abeciaes, the second 
piematuro beat has been used as a zero point. The first premature beat occuiriiig 
in this experiment, 0*913 of a cycle earlier is therefore mailed —0*013. 
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Fio. 166—The extreme right-hand portion of flig. 16a—beyond 1 *0—is shown enlarged^ 
the points as before repraenting the second premature beat cycles plotted against 
the curtailed normal oyoles. The broken line is the curve predicted aooordlng to the 
hypothesis stated on p. 340. Fig, 16o—S ame experiment as fig. 166 but the interval 
between the two premature beats is 0*070 of a cycle. The broken liim again showa 
the predicted curve. 
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experiments in which the second premature beat was an carly^preraature-beat 
will be dealt with in the next paper. 

When investigating the action of two antidromic impulses on the rhythmic 
discharge of a motoneurone, it was found that the second antidromic impulse 
was followed by a cycle having a duration corresponding closely with that 
calculated from the action of a single antidromic impulse on the assumption 
that with a given rhythm the rhythmic centre of a inotoneurone was always 
in the same condition at any particular interval before its next discharge. A 



Fig. 17o Fig. 176 Kio. 17c 


Fio. 17a—As in f)g. 166 in another experiment with an interval of 0*955 between the two 
premature beats. The broken line again shows the predicted ourve. Fio. 176—Same 
experiment as fig. 17a but interval is 0*66. Fiq. 17e—Same experiment os fig, 17a 
but interval is 0*50. 

similar assumption has been tried in the present problem, and it has been 
found that the calculated and experimental values were in close agreement 
except in those cases where the second premature beat was an early-prcmature- 
beat (Eccles and Hoff, 19346). 

In fig, 18 Rj, Ra, R^, R 4 , R^, R^ represent the sacceasivo normal beats of the 
pacemaker and the rhythm is interrupted by a premature beat P^, RaP^ being 
the curtailed normal cycle, and P 1 R 4 the premature beat cycle. It has been 
assumed that at any point X 4 in the latter part of the premature beat cycle 
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the rhythmic centre is in the same condition aa at a point in a normal cycle 
if XtR| equals X 4 B 4 . A second premature beat set up at X 4 , P, in fig. 19. 
should therefore be followed by a cycle P^Rs equal in length to the premature 
beat cycle which would follow a single premature beat set up at X|. For any 
given interval PiP^ between the premature beats (the curtailed premature 
beat cycle), it will be seen that the interval between P, and the hypothetical 
end R 4 of the premature beat cycle following P^ will depend on the length of 
the curtailed normal cycle R 3 P 1 . for this governs the length of PxR 4 in the way 
that has already been discussed (cf, p. 330 ei seq.). And for each interval P 2 R 4 
it is possible to calculate the expected length of P 4 R 5 according to the above 

/?# 

Fia. IS-' Suhema showing effect of a single premature boat cm the rhythmic boat of the 

pacemaker. Details in text. 

assumption. Thus from the curve for single premature beat cycles there 
can be calculated the expected curve correlating tlie curtailed normal cycles 
and the second premature beat cycles for any length of the curtailed premature 
beat cycle. 

Such calculated curves arc drawn as broken lines in figs. 16 and 17 and are 
seen to be in very close agreement with the points experimentally obtained. 
Altogether the calculated curve has agreed closely with the experimental 
observations in twenty-three such series of observations spread over eleven 


separate experiments. The only exceptions have occurred when the ourtailed 
premature beat cycle has been very short, the second premature beat then 
functioning as an early-premature-beat (p. 358). 

When the curtailed premature beat cycle has been shorter than 0*6 of a nor¬ 
mal cycle, another difficulty has arisen with some calculations. It has been seen 
in the preceding paper that the re&actory period following a premature beat 
is shorter than normal (p. 321), i.e., after a premature beat it is possible to 
set up a second premature beat at an interval shorter than that obtaining for 
the curtailed cycle of the earliest single premature beat. Thus in fig, 20 
PjPj is shorter than RsPj, Pj being the earliest possible premature beat after 
Rf. Moreover, the premature beat cycle after P^ alone, ».s., P 1 R 4 , is longer 


ra 

Ftg. I9-'^A« in fig. 18 but for premature beats P, and P-. 
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t h a n a nonxial cycle, so it ia clear that P 1 R 4 ifl much longer than any intetral 
at which a single premature beat can be set up b^ore the end of a normal cycle. 
Hence it is not possible to calculate PtR 5 from the action of a single premature 



Fio. 20—As in fig. 10 but with a very Bhort interval between the premature beats F| and Pg. 


beat. However, a sufficiently long extrapolation of the curve for single pre¬ 
mature beat cycles is usually c^y, for, with short curtailed cycles, it has been 
seen that the length of the premature beat cycle changes relatively little. The 
curve drawn in fig. 17c is actually calculated in this way. 



Fio. 21 Fio. 22 


FlO. 21 ^—^Ab in fig. 106 but the observations were made during tetanic stimulation of the 
nervi aooelerantes. The interval between the two premature beats was just equal to 
the duration of a 6yole. As before the broken lino shows the theoretical curve. 
Fig. 22— As in fig. 106 but obtained during tetanic stimulation of the vagus, the 
interval between the two premature beats being 0-47 of a cycle. 


Fig. 21 shows that the calculated and observed values are strikingly idmilar 
when the rhythm is quickened by tetanic stimulation of the nervi accelerantes. 


2 fi 
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Gk>od agreement has alao been present in those series of observations from the 
three other experiments in which this investigation has been attempted. 

Again fig. 22 shows that there is good agreement when the rhythm is slowed 
by tetanic stimulation of the vagus nerve. Altogether six such series of 
observations were obtained in the four experiments in which this investigation 
was attempted. With the usual degree of vagal slowing (20 to 60% lengthening 
of cycle) ^6 calculated and observed values have always been similar except 
when the curtailed premature beat cycle has been so short (less than 0-4) that 
the second stimulus set up an early-premature-boat. 

No deviation has been detected between the calculated and observed values 
for the second premature beat cycle in those experiments in which the first 
premature beat cycle was followed by a lengthened subsequent cycle, e.^., 
Tabic II, but in such experiments there was a slight lengthening of the subse¬ 
quent cycle when the curtailed premature beat cycle was short. 

The very good agreement between the calculated and experimental values 
for the second premature beat cycles in all experiments with a sufficiently long 
curtailed premature beat cycle proves for such conditions the correctness of the 
assumption underlying the calculation, namely, that for any given rhythm the 
rhjfihmie cerUre is ahoaya in the same condition {so far as the action of 'premature 
heats is concerned) at any particular interval before the next spontaneous beat, 
whether this beat be a normal beat or the subsequent beat terminating a late-pre- 
matwre-beat cycle. In other words, with any given Th 3 rthm the spontaneous 
boat is always the result of the same temporal course of events in the rhythmic 
centre so far as is indicated by the action of a premature beat. Now wo have 
seen that the earlier the premature beat, i.s., the shorter the curtailed cycle, 
the longer is the premature beat cycle. The latter part of the premature 
beat cycle is, however, similar to the latter part of a normal cycle. The 
lengthening of the premature beat cyde must therefore occur during its early peart 
and be due to a dday in setting up the sequence of events which initiates the subse¬ 
quent beat: and this delay is the longer the shorter the curtailed cycle. 


II— Discussion 
A~Disou$sion of Hypotheses 

Since a premature beat produces a permanent change in the phase of the 
riiythm (p. 330), it must act on the rhythmic mechanism itself. Moreover, it 
has been seen that the lengthening of the premature beat oyde is directly due 
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to this aotioa on the rhythmic mechanism (p. 335). It is therefore clear that 
the investigation of this premature beat cycle is of fundamental importance 
for the eventual elucidation of the nature of the processes underlying the 
rhythmic production of beats. 

But a difficulty arises in attempting to formulate a satisfactory provisional 
hypothesis which would indicate further methods of attack. Moat investigators, 
e.g.y Oaskell, Engelnmnn, and Hering, have postulated two factors as being 
essentially involved in the production of a rhythmic response (p. 307). One 
is a form of inner stimulus and the other the intrinsic excitability. An 
hypothesis of this type receives its chief support &oin the analogy with the 
processes of ozeitation by an electrical stimulus. 

Now it has been argued (p. 324) that a beat set up by the pacemaker does not 
arise in the surface membranes of its constituent muscle fibres, but in another 
mechanism presumably within these muscle fibres. However, though initiated 
by this inner rhythmic mechanism the beat does not become apparent until 
it is transmitted to the surface membranes and spreads over them as the 
oharacteristio wave of the propagated impulse, for it is only then that it pro¬ 
duces an action potential. This inner rhythmic mechanism might possess an 
“ inner stimulus ” and an intrinsic excitability, but it is obvious that the 
extrinsic electrical excitability cannot be regarded as a test for such an intrinsic 
excitability. 

In the related problem of the rhythmic discharge of nerve colls it has been 
possible directly to determine the time course of the intrinsic excitability 
(Eccles, 1931; Eccles and Sherrington, 1931, a) and it has been found that the 
rhythmic cycle is often much longer than the time necessary for the complete 
recovery of this excitability (Eccles and Sherriugton, 1931, b; Eccles and 
Hofi, 1932), In such conditions a progressive increase in intrinsic excitability 
is not a factor concerned in the production of a discharge (beat) so it has been 
suggested that a discharge is produced solely by a progressive increase of the 

inner stunulusor central excitatory state. When this reaches a certain 
threshold intensity, a discharge is set up, the central excitatory state is abruptly 
depressed, and must again be built up to the threshold intensity before the 
next discharge is produced. 

On analogy with this hypothetical description of the mechanism of the 
rhythmic discharge of nerve cells, the following hypothesis is suggested for the 
mechanism producing the rhythmic beat of the pacemaker. In the rhythmio 
mechanism there is a progressive increase in the inner stimidus ” or excUement 
uniU this reaches a threshold inieneiiy. A beat is then set up, the excitement is 
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idiruftiy depresBed, and %a again dcndy baiU up to thre$hold at uMoh point it 
$et$ up the neaet beat of the rh^mio series, and so on, 

B —Consideration of Experimental Resulia in Terms of Hypothesis 

It has been concluded (p. 346) that the lengthening of the premature beat 
cycle is due not to a slower building up of excitt^ment during the latter part 
of the ejnde, but to a delay in its early part. Hence it may be concluded that 
the excitement of the pacemaker is depressed more by a premature beat than 
by a normal beat. Moreover, this depression is the greater, the earlier the 
premature beat. The lengthening of the premature beat cycle would be a 
function of the depth of this depression, and the depth of the depression pre¬ 
sumably would be an inverse function of the excitement of the pacemaker at 
the instant the premature beat was set up*; hence this excitement should 
be an inverse function of tlte lengthening of the premature beat cycle. Now as 
the premature beat falls later and later in the cardiac cycle, the premature 
beat cycle shortens very little at first; but as evidenced by the outward 
convexity of the curves, figs. 3, 6. and 7, it shortens with increasing rapidity 
as the premature beat approaches the time of the next normal beat. On the 
above reasoning this would indicate that the excitement of the pacemaker 
increases relatively more slowly at first and then more and more quickly until it 
attains threshold and so sets up a beat. This abrupt attainment of threshold 
would appear as a possible factor in determining the extreme regularity of 
heart rhythm. 

Considerable variations in the durations of short curtailed cycles ore accom¬ 
panied by very little change in the corresponding premature beat cycles, hence 
it is concluded that under such conditions the excitement is depressed almost 
to a basal level below which it cannot be diminished (cf, the basal condition 
described for the motoneurone, Ecclca and Hof!, 1932). Even when the pre¬ 
mature beat cycle is greatly curtailed by a second premature beat, the duration 
of the second premature be-at cycle shows that there is very little further 
diminution of excitement. However, the curtailed premature beat cycle 
must not be too short, for then the second premature beat is an early-prcmature- 
beat and produces the disturbauces of rhythm described in the next paper. 

The rhythmic responses of nerve cells {Eocles and Hoff, 1932) and of the tension 
receptors of muscle (Matthews, 1933) have been subjected to an investigation 

* This involvfs the tacit afleuiDption that the premature beat always depmeee the 
ezoiteroent by approximately the name amount (^. Socles and Hoff, 1932). 
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iHTnilnr to that described in this paper, the rhythm being disturbed by anti- 
dromio impulses, which are equivalent in efieot to premature beats. In both 
these inveatigationB the curve correlating the cycles before and after the 
premature beat has been concave outwards instead of convex as with the 
pacemaker. 

With the Iiypothesis in its present undeveloped form no explanation is 
forthcoming of the wide divergences from experiment to experiment in the 
relative lengthenings of the premature beat cycles. It has been seen that the 
gradual changes in any one experiment may be associated with changes in the 
heart rate, but other factors also appear to be involved. The effect of tetanic 
stimulation of the accelerantes or vagus can, however, bo more profitably 
considered. 

During accelerantes stimulation the relative lengthening of the premature 
beat cycle is greater than with normal rhythm (p. 336) but, if the lengthenings 
of duration be measured in generalized time, i.e., in seconds, corresponding 
premature beat cycles are lengthened by approximately the same amount with 
normal and accelerated rhythms. In fig. 9, for example, the premature beat 
cycles with accelerated rhythms are lengthened slightly less than the corre¬ 
sponding cycles with normal rhythms, while, if fig. 10 be compared witli fig. 6, 
the reverse is found to occur. The increase in relative lengthening of the 
premature beat cycle during acceleration seems therefore to be largely duo to 
the shortening of the normal accelerated cycle, the temporal sequence of 
events during the oarlioc part of the accelerated premature beat cycle being 
practically identical with that obtaining during the corresponding premature 
beat cycles of normal rh^f^thm. It is the latter part of the accelerated premature 
beat cycle, i.e., the part identical with the normal accelerated cycle, which is 
shortened. Thus the accelerantes appears to quicken the rhythm by hastening 
the building up of excitement during the latter part of a cycle. However, the 
above explanation is incomplete, for it takes no account of the fact that the 
relative lengthening of the premature beat cycle is not a simple function of the 
acceleration, e,g., it lags behind the change of rhjrthm both at the beginning 
and during the gradual onset of fatigue of an accelerantes tetanus (p. 337). 

Similarly the negative chronotropic action of the vagus is not simply related 
to the increased relative lengthening of the premature beat cycle, for this effect 
falls off before the effect on the rhythm (p. 339), and with the natural tonic 
action of the vagus there may be no effect whatever on the lengthening of the 
premature beat cycle (p. 340). The curves obtained during vagal tetanus 
have exhibited a progressive lengthening of the premature beat cycle even 
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when leUtivdy ^rt curtailed cycles aie further shortened, figs. 13, 14, and 
16. This by the above argument (p. 348) would indicate that there wae an 
appreciable increase of excitement relatively much earlier in the cycle than 
with the normal rhythm. Thus there is a much longer period than normal 
during which excitement is increasing. This inference fits in well with the 
conclusion arrived at in a later paper (Brown and Ecclea, 1934), that the vagus 
slows the heart beat not by preventing excitement &om accumulating, but by 
counteracting its action on the rhythmic mechanism so that a greater intensity 
is necessary to set up a beat; hence the longer period necessary for accumula¬ 
tion. Vagal action appears to produce no delay in the initial stages of the 
building up of excitement. 


Summary 

Premature beats have been set up by a stimuli applied directly to the pace¬ 
maker and action potentials have been recorded by an amplifier and Matthews 
oscillograph, one lead being from the pacemaker and the other from the auricle. 

Except when premature beats have been set up after very short curtailed 
cycles (early premature beats considered in the next paper) the cycle next 
following the single premature beat, the premature beat cycle, is lengthened, 
being the longer the earlier this beat is sot up after the preceding normal beat, 
the shorter (he cuftmkd cyde. The cycle after the premature beat cycle 
(the subsequent cycle) may be slightly lengthened, but thereafter the normal 
rhythm is resumed, though with an altered phase for the lengthening of the 
premature beat cycle (and subsequent cycle) is less than the shortening of the 
curtailed cycle. 

Wenckebach explained the relationship between curtailed and premature 
beat cycles in terms of the delay occupied by the conduction time to the pace¬ 
maker, but this proves inadequate, consequently it is concluded that the 
lengthening of the premature beat cycle is a direct effect of the premature 
beat on the rhythmic mechanism of the pacemaker. 

Tetanic stimulation of the norvi accelerantes or of the vagus produces a 
greater relative lengthening of the premature beat cycle, but with neither 
stimulation does this lengthening appear to be simply related to the alterations 
in the length of the normal cycle. 

The disturbance of rhythm produced by two premature beats has been 
investigated when the second curtails the first premature beat cycle to a varying 
degree but not to such an extent that it is an early-premotuie-beat. The 
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second premature beat cycle baj been plotted against the ourtailod normal 
cycle, and it has been found that the experimental results closely agree with 
the values calculated fit>m the curve for single premature boats, if the assump¬ 
tion be mode that for any given rhythm the rhythmic centre is always in the 
same condition of functional excitement at any particular interval before the 
next spontaneous beat. 

In a provisional hypothesis it is tentatively suggested that there is in the 
rhythmic centre a condition called excitement, which gradually increases 
throughout the cycle and sets up a beat when it attains a ceitoin threshold 
intensity. It is immediately depressed, and must again bo built up to threshold 
before the next beat can be set up. The results are discussed in terms of this 
conception, but no quantitative development of the hypothesis has l>een 
possible. 
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The Rhythm, of the Heart Beat. Ill —Disturbances of Rhythm 
'produced by Early Premature Beats 

By J. C. Ecclks a&d H. E. Hovr 
The Physiological Laboratory Oxford 

(Communicated by Sir Charles Sherrington, F.R.S.—Received August 12, 1933 

—Revised April 21,1934) 

In the preceding paper it was shown that the disturbance of rhythm produced 
by a premature beat mtroduced in the latter part of a normal cycle or of a 
premature beat cycle is a comparatively simple and regular one: the cycle 
following the premature beat so introduced is lengthened by an amount that 
varies with the degree of curtailment of the preceding cycle. The subsequent 
cycle is normal, or, when the shortening of the curtailed normal cycle is more 
marked, it may be slightly lengthened. This paper will deal with the dis¬ 
turbances of rliytlun produced by a premature beat introduced earlier in a 
normal cycle or a premature beat cycle; they are more complex and leas 
regular. Responses of this type have previously been observed by Drury and 
Brow (1926), who called them re-entrant beats, and by Miki and Rothberger 
(1922), but no attempt has been made to elucidate the mechanism of their 
production. The method used was that described in the previous paper, 
p. 308. 


I— Experimental Results 

A —Disturbance of Rhythm produced by an Early-premature-beat Curtailing a 
Normal Cyde {Early^subsequent-beats) 

The whole gamut of the effects of premature beats on rhythm is illustrated 
by the series of observations of Table I, which is similar in construction to 
Table I of the previous paper. The upper part of the table shows the lengthen¬ 
ing of the premature beat cycle when the curtailed normal cycle is long 
(late-premature-beats). As the curtailed normal cycle shortens to less than 
0’50, there also seems to be some lengthening of the subsequent cycle {cf> 
Tables I and II of the previous paper). The lower part of the table shows 
that with eariy-preinature-beats (curtailed normal cycle 0-346 or less) the 
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premature beat cycle ie greatly shortened by the appearance of an eariif- 
nAae^luerU-beal, while the subsequent cycle is usually lengthened. The lowest 
two observations show that, when the curtailed nonnal cycle is very short 
indeed, the premature beat cycle and even the subsequent cycle may also be 


CurUiM 
DonnAl oyole 

0-M 

O-Ol 

0*87 

0-88 

0-76 

0-74 

0*07 

003 

000 

0*00 

0-60 

000 

0-60 

0-40 

0-48 

043 

0*42 

0-41 

0-38 

0*32 


Table I—Single premature beats 


Premature Bubeoauent 

beat oyole c-yole 


1*02 

1080 

1120 

113 

110 

117 

1-18 

1-185 

1-20 

1-20 

1-23 

1-20 

1-21 

1-206 

1-20 

1-19 

1-206 

1-226 

1-22 

1-23 


1-01 "1 
0-90 
0-096 
0 - D 06 


1-00 
0-905 
0-09 
1-000 
1 01 
1-02 
1-00 
1-00 
1-00 
1-020 
1-00 
1-02 
1-02 
1-02 
1 02 
1-02 


> Late-premature-beata 


0-346 

0-74 

0*34 

0-005 

0-34 

0-06 

0-34 

004 

0-32 

0-67 

0-32 

0-01 

0-31 

0-08 

0-276 

0-70 

020 

0 - S 4 

0-176 

0-20 

0-176 

0-16 


1-19 

107 


1-186 
1-210 * 
1-19 
1-27 
1-27 
0-99 
1-27 
0-26 


Eariy-premature-beaU 


(next oyole 1 -08) 


exceedingly abort. Fig. 1 ia a tracing of an observation in which an early- 
aubsequent-beat appeared. 

Early-subsequent-beats have only arisen after single premature beats in 
about one-third of our experiments, but in all such experiments (10) there has 
been a critical duration of curtailed normal cycle below which early-aubsoquent- 
beats have always been set up. This is the basis of the subdivision of pre¬ 
mature beats into late-premature-beats producing the disturbances of rhythm 
dealt with in the previous paper, and early-premature-beats, which are 
characterised by the setting up of early-subsequent-beats. Usually there 
has been a slight lengthening of subsequent cycle following those late-premature- 
beats which are somewhat longer than this critical duration, and in some this 
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lengthening has been mnoh more obvious than in Table 1^ but in a few^ 



Table II, this transitional condition does not seem 
to be present. 

The following generalisations concerning eariy* 
Bubaequent-beats have been based on a close exam¬ 
ination of the records of the above 10 experiments. 

(1) The critical degree of shortening of the cur¬ 
tailed normal cycle necessaiy for the appearance of 
early-subsequent-beats varies from experiment to 
experiment and it bears no regular relation to the 
absolutely refrikotory period. If the latter were 
the longer, then early-subsequent-beats could not 
arise, a condition obtaining in two-thirds of our 
experiments with single premature beats. 

(2) The experiments in which early-subsequent- 
beats appeared were mostly those in which late- 
premature-beats were followed by considerably 
lengthened premature beat cycles (1*20 or more). 

(3) In six of the 10 experiments early-subsequent- 
beats only occurred during tetanic stimulation of 
the vagus. In five this appeared to be associated 
with a concomitant shortening of refractory period, 
for the critical duration of the curtailed cycle was 
usually shorter than the refractory period obtaining 
in the absence of vagal stimulation. In only one 
experiment did the vagus definitely have no effect 
on the occurrence of early-subsequent-beats, and 
in this it also had no effect on the duration of the 
refractory period. The vagus stimulation was at 
times strong enough to displace the pacemaker to 
some other part of the sino-auricular node, os shown 
by change in action potentials, but it never dis¬ 
placed the pacemaker to the auriculo-ventrioular 
node. Tetanic stimulation of the nervi aocelerantes 
never had any appreciable effect on the occurrence 
of early-subsequent-beats. 

(4) There has been no constant relationship be¬ 


tween the duiataons of curtaUed cycles and of the corresponding premature 
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beat oycles terminated by early-subaequent-beats.. Usually tbeie has been a 
tendency for shorter curtailed cycles to be followed by shorter premature 
beat oycles («/. Table II), 

(5) In two experiments the refractory period of the pacemaker after an 
early-premature-beat was determined and was found to be similar to that 
obtaining after a late-premature-beat, whose curtailed cycle was just longer 
than the critical value. A similar duration was also found for the refractory 
period following an early-subsequent-beat. It seems, therefore, that neither 
carly-premature-beats nor early-subsequent-beats can be distinguished from 
late-prematiire-beats by the duration of the refractory state which follows 
them. 


Table II—Single premature beats—only some of the observations with late 

premature beats are shown 


CnrtAiled 

Pfcm&turc 

noimol cycle 

beat oyole 

0-97 

1-025 

0*94 

1-04 

0*885 

1-07 

0-805 

MO 

0-85 

M3 

0-72 

1-17 

0-60 

1-145 

0-60 

1-16 

0-66 

M76 

0-47 

1-20 

0-47 

0-96 

0-45 

0-70 

0-45 

0-45 

0-44 

0-60 

0-44 

0-4H 

0-44 

0-46 

0-42 

0-56 

0-41 

0-346 


Hubsequent 
oynlo 
100 ' 

100 

100 

100 

1 *005 > lAie-pi«inatuTo-bestB 
1 -00 
101 
1006 
(»096 
1-00 , 

M6 
1 (»2 

l']2 > Kariy-prematuro-bcAtci 
1065 
)005 
1 Ift ^ 

If (off riato) 


(6) The action potentials of carly-subsequcnt-beats were sometimes indis¬ 
tinguishable from normal beats (fig. 1, c/. Drury and Brow, 1926). More often 
they differed from normal, indicating that the esrly-aubsequent-beats had 
arisen in parts of the aino-auricular node some distance from the pacemaker, 
but in no case did early-subsequent-beats appear to have arisen in the auriculo- 
ventricular node. 

(7) In five experiments early-premature-beats with very short curtailed 
cycles were followed by a rapid irregular series of beats (cf. the lowest observa¬ 
tion of Table I). This is apparently the condition described by Lewis, Drury, 
and Bulger (1921) as ** rapid re-excitation.” 

Theoriee of the Production of Eofiy Spontaneous Beats —1. Kisch (1921) 
working on dying rabbits’ hearts, and Drury and Brow (1926) uaing dogs’ 
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hearts, observed that after an aoiionlar extra-systole (prematore beat) the 
snbseqnent beat sometimes occurred at exactly the moment when the next 
spontaneous beat would have been due, had no extra-systole been produced 
t.e., the combined lengths of the curtailed normal cycle plus the premature 
beat cycle equalled one normal cycle. They supposed that in these oases the 
premature beat had not disturbed the rhythm of the pacemaker at all, and 
they called it an “ interpolated extra-systole.” Drury and Brow explained 
this by assuming that the interpolated extra-systole was set up early in the 
cycle while the pacemaker was still refnmtory. 

The present records contain a few examples where the sum of the curtailed 
normal cycle and the premature beat cycle has equalled one normal cycle, 
and these may possibly be susceptible of Drury and Brow’s explanation. In 
the groat majority of examples, however, as Tables I and II show, the sum 
is either greater or leas than one normal cycle, and Drury and Brow also 
mention such discrepant examples in their records. Their explanation, 
therefore, cannot hold for the appearance of early-subsequent-beats in general, 
and it is not unlikely that the occasional occurence of a subsequent beat at 
the moment when it would have arisen in an undisturbed pacemaker is merely 
a chance happening. 

2. An analogous explanation, however, suggests itself, and requires closer 
examination. It is generally accepted that the sino-auricular node contains 
many potential pacenmkers as well as one actual pacemaker. These arc aU 
rhythmic centres, varying somewhat in their intrinsic rate of discharge. The 
actual pacemaker is the one with the fastest rate, and every impulse arising 
in it discharges all the others as well; hence none of them succeeds in initiating 
an impulse, unless the actual pacemaker is in some way depressed. It is 
conceivable that one of these subsidiary centres might have a longer refractory 
period tlian the pacemaker (as well as a slower rhythm), and that on eariy- 
prematuro-beat might fall inside this refractory period, although outside the 
refractory period of the pacemaker. In that case, the oarly-premature-beat 
would discharge the pacemaker, but not the subsidiary centre, and the latter 
might then give rise to an early-subsequent-beat. 

This conception cannot explain those cases where the sum of the curtailed 
normal cycle and the premature beat cycle is equal to or less than one normal 
cycle, for it regards all subsidiary centres where the subsequent beat might 
possibly arise as possessing a slower rhythm, t.e.. longer cycles, than the actual 
normal pacemaker. It can be entertained only in respect of those examples 
where the sum is greater than one normal cycle. In these cases it can be 
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tested by the method developed in the preceding paper (p. 343); for, if 
the early-aubsequent-beat anaea elsewhere than in the normal pacemaker, it 
will affect the pacemaker in the same way as a premature beat induced by 
electrical stimulation, and can be treated as a second premature beat curtailing 
the first premature beat cycle. 

In fig. 2 , Rj, R), Rg represent normal beats arising in the pacemaker, and 
being conducted to and exciting a subsidiary rhythmic centre C, at Ci, Cg, Cg. 
P is a premature beat set up by electrical stimulation, which excites the pace¬ 
maker, but not the subsidiary centre C on account of its longer refractory 

1 ^1 1^ 1^ _1^5 l^f_ 

\c. \c. ^ /c. \Cs \q \c. 

Fig. 2—Schema illutitraiing a powible explanation of an early-suhecquont-bcat appearing 
after a single premature beat. Details in text. 

period. C then gives rise to the carly^subscqucnt-beat C 4 , which is con¬ 
ducted back to the pacemaker and excites it at R 4 , thus cutting short the 
premature beat cycle which would otherwise have terminated at X. In 
any given experiment the point X is predictable from the curve relating the 
lengthening of premature beat cycles to the length of the preceding curtailetl 
normal cycles (see previous paper, p. 332); a short extrapolation beyond the 
critical point where early-subsequent-beats appear is necessary, but this is 
justified, for the purpose of this argument, by the assumption from which the 
argument proceeds, namely, that the early-subsequent-beat does not arise in 
the pacemaker. X having been determined in tliis way, R 4 is treated as a 
second premature l^e^t introduced in the first premature beat cycle PX, and 
the expected length of the second premature beat cycle R 4 H 6 is then determined 
from the above-mentioned curve. This expected length has been compan^d 
with the actual length of the cycle after the carly-Bubsequent-beat in a large 
number of examples. No satisfactory agreement was found {cf. Tables 1 and 
II); the actual length was often much shorter than the expected length, and 
the discrepancy would have been increased had allowance been made for the 
conducting time C 4 R 4 . 

Delay in the restoration of pacemaking function from C to R will not explain 
the discrepancy, for the cycles after the subsequent cycle were of normal 
duration except in those cases where “ rapid re-excitation ” was produced 
(lowest record of Table I). 

We must therefore abandon the conception that eorly-subsequent-beats 
arise in subsidiary rhythmic centres outside the pacemaker which itself is 
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behaving in the same way as it does with late-prematnie-beatB, This explana¬ 
tion could hold for some observations of Tables I and II, but it completely 
fsila as a general explanation of early-subsequent-beats. 

An alternative explanation of the origin of early-subsequent-beats will be 
suggested in the discussion at the end of this paper. 


B—Dutunhoncfl of Rhythm produced by an Early-prem(UuTe~beaL CurtaHing 
a Premaiure Beal Cycle 


In all the experiments in which these observations wore made, the disturb¬ 
ance produced by single premature beats had also been studied, and it was 
known whether it was possible in each case to set up early-premature-beats, 
t.e,, to obtain oarly-subsequcnt-beats. 


Table HI—Two premature beats 


(?urtiu1cd 

Curtailed 

Second 


normal 

premature beat 

premature beat 

Suheoquent 

oycie 

cycle 

cycle 

cycle 

0-84S 

0-485 

1156 

1-00 

U-8S 

0-485 

1 • 14.5 

1*045 

0-81 

0-45 

1-145 

1-035 

0-785 

0*485 

1-15 

1-04 

0-78 

0-45 

0-575 

1*12 

0-75 

0-45 

0-58 

1-10 

0-70 

0-45 

0-B15 

1-10 

0-fil 

0-45 

0-054 

1-11 

0-505 

0-45 

0-635 

1-13 

0-54 

0-45 

0-73 

1-13 

0-53 

0-45 

O-Oft 

1-040 

0-525 

0-45 

1-015 

1-04 

or>i 

0-45 

1-015 

1-025 

<1-60 

0*46 

1-025 

1-025 

0-485 

0-45 

0-906 

1-035 

0-48 

0-45 

0-94 

1-016 


I —Disturbance Produced by an Early-premature-beal CuriaUing a Late- 
pffemaiure-beai Cyde— This is exemplified by Table III which is taken &om an 
experiment in which single premature beats were never followed by eaily- 
subsequent-beats, t.e., early-premature-beats were unobtainable ; all the first 
premature beats are therefore ""late.” The curtailed normal cycles in the 
first oolnmn range from 0*48 to 0-845 ; when the curtailed normal cycle was 
longer than 0*846, however, the refractory period following the first premature 
beat was so long that the second stimulus failed to produce a beat. The upper 
part of the table is completed by introducing three observations with a dif^Uy 
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longer interval (0 * 485) between the premature beats. As the curtailed normal 
oTole becomes progressively shorter, the second premature beat cycle and the 
subsequent cycle undergo changes which show two abrupt transitions, dividing 
the table into three sections. 

In the uppermost section, the second premature beat cycle is longer than a 
normal cycle, and the subsequent cycle is slightly lengthened by an amount 
comparable with that observed after the earliest of single late-premature- 
bcats (p. 340). The second premature beat is therefore behaving, here, 
as a late-premature-bcat, so the disturbance of rhythm is the same os with two 
late-premature-beats in the preceding paper (p. 341). 

Then comes a sharp upper transition to the middle section of the table. 
The second premature beat cycle becomes much shorter, while the subsequent 
cycle becomes more markedly lengthened. The second premature beat is 
now behaving like the single early-premature beat described above in this 
paper, being followed by an carly-subsequcnt-bcat and a lengthened subse¬ 
quent cycle. 

There follows a second sliarp “ lower transition to the lower section of the 
table, in which the second premature beat cycle lengthens to the neighbourhood 
of 1 *0, and the Hubsequent cycle is still lengthened but less than in the middle 
section. 

In five experiments results essentially sunilar to those of Table III have been 
obtained and the following general statements may be made:— 

(1) In the upper section, the lengthening of the second premature beat 
cycle usually agreed with the amount predicted by the method used in the 
previous paper (p. 343). In a few cases the observed values were longer than 
the predicted ones and when present these unexpectedly long observed values 
were always just above the upper transition, i.e., as the curtailed normal cycle 
was shortened, they appeared as a transitional condition preceding the stage of 
early-Bubseqaent-beats. 

(2) The upper transition was always sharp. 

(3) The short second premature beat cycles in the middle section sometimes 
showed a progressive lengthening as the curtailed normal cycle became shorter. 
This is shown in Table III but was not constant. 

(4) The lower transition is sometimes distinct and sometimes blurred. 

(5) The lengthening of the subsequent cycles in the middle and lower sections 
was usually less than that predicted by the method described on p. 357, starting 
from the oonoeption that the early-subsequent-beat arises from a centre 
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outside the pacemaker, wliicli is itself behaving as with late-premature-beats. 
That conception therefore will not do for a general explanation of early-subse- 
quent-beats produced by an early-premature-beat curtailing late-premature- 
beat cycles. The above conception is also ruled oat by the fact that the cur¬ 
tailed first premature beat cycle plus the second premature beat cycle is 
often less than the duration of the first premature beat cycle when it was 
not curtailed. For example, with the upper observations of the middle section 
of Table III, the first premature beat cycle alone would have had a duration 
greater than 1 -10, but the sum of columns 2 and 3 is much less than this. 

(6) The action potentials of early-subsequent-beats often resembled in 
shape the action potentials of normal beats. 

In these experiments further series of observations were made with certain 
conditions altered, and they yielded the following results. 

(i) With longer intervals between the two premature beats, t.e., less curtail¬ 
ment of the first premature beat cycle, the section of the table above the first 
transition bocamo extended at the expense of the lower. Thus in Table lY 
the upper transition occurred, t.c., early-subsequent-beats appeared, only 
when the curtailed normal cycle had become as short as 0-52, and the lowclr 
transition failed to appear. With still longer intervals early-subsequent-beats 
did not arise, the disturbance of rhythm being the same as that discussed in 
the previous paper (p. 341). 


Table IV—Two premature boats 


Curtaik^d 

Cartallcd 

ISccxmd 


nonnal 

premature beat 

premature beat 

Ctabaeqnent 

cycle 

cycle 

cycle 

cycle 

O'MUS 

0-6L6 

1-136 

1026 

0046 

0-6J5 

1-12 

1-026 

0-886 

0*516 

1-13 

1-046 

0-88 

0'616 

1-13 

1*036 

0-86 

0-616 

1 115 

1-03 

0-84 

0-616 

M2 

1*046 

0*816 

0-516 

1-12 

1-04 

0-79 

0-616 

1-106 

1-03 

0*70 

0-616 

I-IO 

1*086 

0-78 

0-516 

1096 

1-036 

0*71 

0-516 

1-09 

1-03 

0026 

0-516 

1-09 

103 

0-686 

0-615 

1-10 

1*03 

0*666 

0-616 

1*086 

1-026 

0-52 

0*616 

0*87 

1-145 

0*51 

0-516 

0*92 

1*13 

0*486 

0*616 

0-81 

1*11 

0-486 

0-615 

0*816 

1-J26 


(ii) With interralB between the two pTematuie beats progressively shorter 
than that used for series like Table III, t.e., with greater oortailment of the 
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first prematoie beat cycle, the curtailed normal cycle had of course to be pro¬ 
gressively shorter in order that there should be a sufficient shortening of 
refiractoiy period (p. 321) to allow the second premature beat to be set up. 
This downward encroachment of the upper limit of the series did not appreciably 
affect the transitions, until it abolished them by passing below them. 

(iii) Tetanic vagal stimulation and tetanic accclerantes Htimulation did not 
alter any significant features of the result except that vagal stimulation made 
it possible to set up single early-prematuie-beats in experiments where without 
vagal stimulation they were unobtainable (cf, p. 354); these cases will be 
considered in the next section. 

Besides the five experiments discussed above, six experiments gave observa¬ 
tions similar to the series with long intervals between the two premature 
beats, Table IV. Series similar to Table III were not obtained on account of 
the increased difficulty in eliciting early-subsequent-beats. Such experiments 
represent a condition transitional between the above five experiments and our 
single experiment in which two premature beats failed to elicit early-subsequent- 
beats even at the shortest interval at which they could be set up. 

II— Disturbance of Rhythm Producei by a Premature Beat Curtailing an Early- 
jncmature-heal Cycle—It has been seen (p. 353) that early-prcmaturc-beats, 
t.e., single premature beats that are followed by early-subsequent-beats, are 
obtainable only in certain experiments. The effect of curtailing an early- 
premature-bcat cycle by a second premature beat has only been studied in 
three experiments. Table V shows one series obtained during tetanic vagal 
stimulation. For the conditions of this experiment the critical shortening of 
the curtained normal cycle separating early- from late-premature-bcata was 
about 0-365 (0-34-0-39). In each of the lowest two observations of Table V, 
the first premature beat was therefore au early-promature-beat. Its cycle 
was curtailed in turn by a second premature beat, and the second 
premature beat cycle is seen to be longer than a normal cycle, but it is a little 
shorter than the duration predicted from the effeot of single late-premature- 
beats. The upper part of the table is also interesting, for the second premature 
beat cycle is short, i.s., early-subsequent-beats occur, with all lengths of the 
curtailed normal cycle. This, of course, is to be expected because the interval 
between the two premature beats (0*30) is shorter than the critical duration 
the curtailed cycle (about 0-3G5) separating early- from late-prematuie- 
beats. The whole upper part of Table V would therefore correspond to the 
lowest seotioDS of Tables I and II, and presumably to the middle section of 
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Table III. In some other series there has also seemed to be a traxisition in the 
lengths of the second prematoie beat cjole aooording as to whether the first 
prenuLtore beat cycle was " early ’’ or late/* but in many no snch trancdtion 
has appeared. A systematic study of this section is needed before any con¬ 
clusions can bo drawn. 


Table V—Two premature beats 


Curtailed 

CurtoiJfxl 

Second 


normal 

promaiure beat 

prematara beat 

Buhsequent 

cycle 

cycle 

cycle 

cycle 

100 

0-30 

0-875 

1-OOfi 

0-98 

0-30 

0-80 

1-000 

0-97a 

0-30 

0-82 

1-020 

0*88 

0-30 

0-88 

1-030 

0-88 

0-30 

0-80 

1-00 

0-79 

0-30 

0-86 

100 

0-090 

0-30 

0-925 

1-04 

U-04 

0-30 

0-915 

1-00 

0-02 

0-30 

0-920 

1-00 

0-085 

0-30 

0-93 

0-90 

0-07 

0-30 

0*86 

1-06 

0-500 

0-30 

0-93 

1-026 

0-020 

0-30 

0-95 

1-026 

0-470 

0-30 

0-W 

1-040 

0-47 

0-30 

1-01 

1-0-15 

0-40 

0-30 

0-93 

l-Ol 

0-410 

0-30 

0-94 

0-99 

0-325 

0-30 

i-iai 

0-025 

0-303 

0-30 

1-13 

1-00 


II— Discussion 

The action potentials of many early-subsequent-beats so closely resemble 
the normal action potential that such beats must have originated in the very 
near neighbourhood of the normal pacemaker, if not actually in it. Doubtleas 
some early-subsequent-beats have arisen from rhythmic centres other than 
the pacemaker, but even in many of these cases the lengths of the subsequent 
cycles show that the pacemaker is not behaving as with late-premature-beats 
(pp. 357-360). Moreover, the normal pacemaker is probably distinguished 
from other rhythmic centres in the sino-auricular node solely by its ^ghtiy 
faster intrinsic rhythm. Hence it is justifiable as a first approximation to 
consider all early-subsequent-beats as arising in a single rhythmic centre—^the 
paoemakot. 

In contrast to the sharp transition between the disturbances of rhythm 
produced by early- and late-premature-beats, there is a gradual transition 
between the normal rhythm and the disturbance of rhythm produced by late- 
premature-beata, all intermediate stages existing os a premature beat fall* 



Early Premature BecAs. 


363 


later and later until it juat anticipates the setting up of a normal beat (p. 333). 
Moreover, by assuming that the latter parts of late-prematurc-beat cycles are 
the same as those of normal cycles, it is possible to calculate the durations 
of the second premature beat cycles when late-preniature-beats curtail late- 
prematurc-beat cycles (p. 34'ir), but this is not possible with early-premature- 
beats. It seems, therefore, that normal beats and late-premature-beats form 
a class apart from early-premature-beats. 

Hypothetical Conception of the Action of the Pacemaker —It is assumed that 
the rhythmic mechanism of the pacemaker has a certain extensity, its diverse 
parts being co-ordinated into a fimctional unit by some system of integration. 
A beat is set up when the integrated excitement of the whole rhythmic mechan¬ 
ism attains a certain threshold intensity, and an immediate depression of 
excitement results. With the exception of the concept of integration this 
hypothesis has already been developed as an explanation of normal rhythm 
and of the disturbances of rhythm produced by late-prematuro-beats (see 
previous paper, p. 347, for a full statement). In such coses no consideration of 
integration was necessary, for all parts of the rhythmic mechanism are assumed 
to be equally involved by normal beats and latc-premature-beats. 

With carly-prcinature-boats, however, it is assumed that only a fraction of 
the rhythmic mechanism of the pacemaker is fired off, the remainder of the 
pacemaker being refractory. In the unexcited fraction there would be no 
depression of the excitement, which would, on the contrary, continue to 
increase; and so for the next beat this fraction would provide much more 
than its normal share of the threshold intensity of the integrated excitement. 
As a consequence threshold intensity would be attained and a subsequent 
beat set up earlier than after a late-promature-beat. Such an oarly-subsequent- 
beat would probably be followed by a subsequent cycle shorter than that 
predicted from the effect of late premature beats (p. 357), for after this beat 
the previously unexcited fraction presumably would still have an excitement 
greater than it would have after a normal beat,* and so it would again con¬ 
tribute more than its normal share of the integrated excitement. Now, for 
the subsequent cycle, the observed discrepancy has almost always been a 
shortening (p. 357), hence in this respect the explanation fits in well with 
experiment. 

* The previously excited fraction would have an exoitonicnt lew than after a nonna] 
boat, but thin deprewion would be limited by the basal level below which ezoiioment 
cannot be reduced (p. 348). 


2 c2 
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If the unexcited part forms only a i»Tnii.ll fraction of the rhythmic mechadism, 
a great increase in the intensity of its excitement will contribute relatively 
little to the integrated excitement, and so vrill produce only a small deviation 
from the normal response times. This would pejrhaps be the explanation of 
those observations with single late-premature-beats in which the subsequent 
cycle was slightly longer than normal (p. 340). In such cases the premature 
beat cycle itself is probably terminated by a slightly early subsequent 
beat, but whether this is so caimot be determined as there is, of course, no 
standard by which to judge it. 

A small fraction of the integrated excitement would also be provided by a 
part of the rhythmic mechanism not closely linked with other parts. The 
closer this linkage the more would the integration approximate to a simple 
summation of the individual excitements. It is conceivable that all degrees 
of this linkage could exist between the different parts of a rhythmic centre, 
and in extreme coses of dissociation the diverse parts could be practically 
autonomous. The sharp transitions which occur in iieries of observations on 
early spontaneous beats (Tables I, II, III, and IV) presumably depend on 
large parts of the rhythmic mechanism functioning as an indivisible unit. 

The refractoriness of the part of the pacemaker not fired off by early* 
premature-beats could arise in two ways:— 

1. By some of the constituent fibres of the pacemaker being in an absolutely 
refractory condition at the time of the premature beat, so that the impulse 
could only pass over part of the pacemaker and hence only fire off part of the 
rhythmic mechanism. 

2. By part of the rhythmic mechanism itself being in an absolutely refractory 
condition, so that it could not be fired off by the propagated impulse of the 
premature beat, even though this traversed the whole centre. 

On the available evidence it is not possible to decide between these alternative 
explanations, but the following arguments show that the second explanation 
is not so improbable as it might at first seem. 

(i) In a previous paper (p. 324) experimental evidence indicated that the 
rhythmic mechanism is not situated in the surface membranes of tiie fibres 
constituting the pacemaker, and it was suggested that the rhythmic mechanism 
might be analogous to the inner contractile mechanism of skeletal musde 
fibres, which has been stimulated by Qelfan and Qerard (1930) without setting 
up a propagated impulse in the surface membranes (Gelfan and Bishop, 1982). 
Mrueover, excitation of this inner contractile mechanism may be propagated 
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without giving rise to any detectable action potential (Gelfan and Bishop, 
1933). However, it has not yot been ascertained if this inner contractile 
mechanism has a characteristic refractory period analogous to that postulated 
in the above second alternative, though Gelfan's observation that stimulating 
currents of long duration may evoke twitch-like submaxiuial responses (1933) 
seems indirect evidence for the existence of a refractory period of the inner 
contractile mechanism. If the rhytlunic meclianism is analogous to the inner 
contractile mechanism, it should be capable of direct excitation without 
setting up a propagated impulse. However, the relative diifuseness of the 
stimulating current in the present experiments would prevent this from being 
observed. 

(ii) According to the first alternative the propagated impulse of the early- 
premature-beat docs not traverse some parts of the pacenuiker, so these parts 
should not become refractory. But no such partial rc&actoriness has boon 
found after early-premature-bcats (p. 355)—a state of affairs which would be 
expected according to the second alternative. 

(iii) Early-prcmature-beats are sot up most readily when the refractory 
period following a propagated impulse is shortened either by stimulating the 
vagus (p. 354) or by a preceding premature beat (p. 368). This would be 
expected from the explanation of early-prematuie-beats in terms of a 
ref^tory condition of the pacemaker, if this refractory condition were 
loss shortened than the refractory period for the propagated impulse, f.e., 
two separate refractory periods in separate structures arc envisaged. 

The above discussions show that the “ fractionation ” hypothesis provides 
a plausible explanation of the usual disturbances of rhythm produced by early- 
premature-beats, but in its present form it fails to explain the following experi¬ 
mental results:— 

(а) In a few experiments there was a transitional condition between hte- 
and early-prematurc-beats during which the second premature beat cycle was 
much longer than the value predicted for late-prematuro-beats (p. 359), This 
condition may be explained when the lengthening of the late-preinature-beat 
cycle (p. 348) is better understood. 

(б) In some experiments the early-premature-beat cycle has been so short 
that the sum of the curtailed normal cycle and the premature beat cycle has 
been less than a normal cycle (Tables I and II), i.e., owing to the early- 
premature-beat the rhythmic mechanism has set up a beat (the early-subsequent- 
beat) sooner than it otherwise would have done {cf, Drury and Brow, 1926). A 
wmilur condition has been observed when early-premature-beats curtail late- 
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promatnre-beat cyoles, the sum of the curtailed premature beat cycle and the 
second premature beat cycle then being less than the first premature beat 
cycle alone (cf, p. 360, and Table III). In both these cycles the early- 
prematurc-beat has removed some factor which normally “ inhibits ” 
the production of a beat by the rhythmic mechanism. This “ inhibitory ” 
factor is not due to the vagus, for it is observed in the absence 
of vagal action, and vagal inhibition is not affected by a normal 
beat or a premature beat (Brown and Ecclea, 1934). Doubtless even when 
early-premature-beat cycles are not so short as those just considered, the 
removal of this “ inhibitory ” factor plays some part at least in shortening 
such cycles, t.f?., in setting up the usual type of early-subsequcnt-beats. In 
fact, it is conceivable that removal of this ** inhibitory ” factor constitutes the 
sole condition determining the setting up of early-suhscquent-beats. 

Such an hypothesis would also seem to involve a fractionation of the rhythm 
centre by an early-premature-beat. 


Condusiwis 

An attempt has been made to explain the production of early-siibscqucntr 
beats by assuming that early-premature-beats fire off only a fraction of the 
rhythmic mechanism of the pacemaker. Most of the disturbances of rhythm 
produced by early-preinature'beats can be explained by this fractionation 
hypothesis, but such explanations as we have attempted are intended merely 
to bo iUustrative of the way in which such an hypothesis could be developed. 
The present hypothesis will be justified if it directs attention to the integrative 
character of the functional processes of a rhythmic centre. As yet we have no 
concepts of the processes subserving such an integration between diverse 
parts of a living tissue, but a similar condition forms the basis of summation 
of centra] excitatory state existing in different parts of a nerve cell (Ecclea 
and Sherrington, 1931, p. 604), and in other functional activities the parts 
of a living cell must be closely bound together by unknown processes of 
association. 

We wish to express our gratitude to Dr. R. S. Aitken for his generous and 
valuable help in rewriting these three papm. We also wish to thank the 
Christopher Welch Trustees for defraying the expense of the photographic 
plates, and one of us (J. C. E.) has to thank the Medical Research Council for 
a personal grant 
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III— SUMMABY 

As a premature beat is set up with a progressively shorter curtailed cycle, the 
disturbance of rhythm produced by it passes through an abrupt transition 
from the lengthening of the premature beat cycle (characteristic of late- 
prematuro-beats) to a shortening of the premature beat cycle (characteristic 
of early-prcmaturc-beats). The early-subscquent-beats which terminate 
early-premature-beat cycles are in turn followed by subsequent cycles which 
are usually longer than normal cycles, but thereafter the normal rhythm is 
Tostored. 

An early subsequent beat cannot be explained simply as the response of a 
rhythmic centre which, owing to its refractoiy period, was not iired oS by the 
early-premature-beat, the pacemaker itself behaving as with late-premature- 
beats. Many early-subsequent-boats actually appear to arise in the pacemaker, 
so it is clear that the disturbance of rhythm produced by early-premature- 
beats directly involves the pacemaker. 

Early-subsequent-bcats have been most frequently set up when a late-pre- 
mature-bcat cycle is greatly curtailed by a second premature beat, and for such 
conditions the effects of variations in lengths of the curtailed normal cycle and 
of the curtailed premature l>eat cycle have been investigated. 

In explaining the disturbances of rhythm produced by early-premature- 
beats it is assumed that there is an integration of the excitement present in 
the diverse parts of the pacemaker, and a beat is set up when this integrated 
excitement attains threshold intensity, there being then an immediate depres¬ 
sion of excitement. Further, it is assumed that normal beats and late-premature- 
beats lire off the whole rhythmic meclianism of the pacemaker while early- 
premature-beats only fire off part, the remainder being refractory. In this 
unexcited fraction excitement is not depressed, but continues to increase, 
and so a subsequent beat is set up earlier than after a latc-premature-beat. 

This provisional hypothesis is discussed in relation to the experimental 
evidence and it is found to explain many of the disturbances of rhythm produoed 
by eorly-prematare-beata, but certain observations have presented difticulties. 
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The Oxygen to Iron Ratio of Oxychloromtorin and the Total Quantity 
of Oxygen carried by the Pigment in Spirograpbis. 

By H. Munro Fox, Professor of Zoology in the University of Birmingham. 

(Comnmnicatod by J. Stanley Gardiner, F.R.S.—Keceived March 24, 1934) 


1. The Ratio of Oxygm to Iron in (hrychlofocruofin 

Tlierc exist four respiratory pigments capable of uniting with oxygen in 
such u manner that the oxygen is given up to a vacuum. Of these four^ 
hnmoglobin lias a wide distribution in vertebrate aiid invertebrate animals 
(Redheld, 1933), chlorocruorin is found only in certain polychaete worms 
(Fox, 1926, 1932, 19J13), lissmerythrin in sipuuculid worms (Florkin, 1933) 
and hflBmocyanin in arthropods and molluscs (Redfield, 1934). The iirst 
three pigments named contain iron in the molecule, while the last has copper. 
Since the work of Peters (1912) it has been known tliat in oxyheomoglobin one 
molecule of labile oxygen is united to one atom of iron. For oxyhsemocyanin 
Dhk6 (1916, 1919) first showed the approximate proportionality between 
the oxygen and copper contents, and later Begomann (1924), Redfield, Coolidge, 
and Montgomery (1928) and QuiUomet and Gosselin (1932) established the 
ratio of one molecule of labile oxygen to two atoms of copper. For oxy- 
hsmerythxin it has recently been shown by Florkin (1933) that one molecule 
of oxygen is united to three atoms of iron. Up to the present, however, the 
ratio of oxygen to iron in oxychlorocniorin has not been known, and the work 
reported below was undertaken to settle this question. The quantity of iron 
present in the blood of SpirograjAis spaUansaniit both combined with chloro- 
emorin and has been analysed, and, the total oxygen capacity of the blood 
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being known, the oxygen to iron ratio of oxychlorocniorin has been deter¬ 
mined. 

For iron analysis pure undiluted blood was extracted from the croAvn* of 
Spifographis at the Tamaris Marine Biological Station.t The technique 
already described (Roche and Fox, 1933) was used for obtaining the blood, 
with this difference, tliat the crown waa ainputati^d by means of a glass cover- 
slip so that no iron instrument came into contact with the blood. Eight 
measured specimens (0-2 cc ea<ili) of blood, oacli derived from several indi¬ 
vidual worms, were diluted with distilled water and scaled in test tubes. 

The iron estimations were made subsequently in Birmingham by the 
dipyridyl colorimetric method of Hill (1930). Hydrogen peroxide was first 
used to liberate the iron from the chlorocruorin and at the same time to render 
the solution colourless (Hill and Keilin, 1933). The method was found to be 
improved by heating the contents of the experimental test tubes in a water 
bath after adding the hydrogen peroxide and again after adding the h^-dro- 
Bul])hite, and then waiting an liour before matelling the colours with the 
standards. 

Six iron estimations were made on each specimen of blood, 'flio mean 
values for the iron contents of the eight blood specimens were os follows : 
5-3, 5'1, 4*5, 4-6, 5*4, 4-6, 4-9, and 4*9 X 10graiu-ntomH Fo per litre. 
The mean of those values is 4-9 X 10^®. Tlie difiereucoa between the values 
for the separatis blood specimens arc doubtless due in part to cxjMjrimontal 
errors, but they may probably be caused in part aUo by differences in the 
chlorocruorin content of the bloods of individual worms. Much greater 
differences than would be required to account for the divergencies in the iron 
values found for Spirographis are known to occur in the heemoglobin content 
of the blood of individuals of another polyehoete, Arenicola, in which the total 
oxygen capacity, and therefore the h«emoglobin content, varies from 6*7 
to 8-7 volumes per cent (Fox, 1926), 

The iron present in the blood of Spirographis is partly combined in chloro- 
oruorin and partly free. The next step in the investigation was to determine 
what proportion of the iron is free. This was done as follows. Sodium 
hydroflulphite devoid of iron impurity was added to known dilutions of 
Spirographis blood, with the result that the chlorocruorin was precipitated 

* The wotd orown ” is used here for the so-oalled gills, which morphologically are 
palps. 

t My best thanks are due to Profeem H. Cardot, Diceotor of the Station, for bii hospitality 
and help. 



370 


H. M. Fox. 


and at the Aame time the free iron was reduced to the ferrous state. After 
centrifuging to separate the precipitate, aa-dipyridyl crystals were added and 
the resulting pink solution was matched with solutions of ferrous iron of known 
concentrations containing dipyridyl. The mean value obtained in this way 
for the free iron in Spirographia blood was 5 X 10"* gram-atoms per litre. 
The free iron is thus only 1% of the chlorocruorin iron, and this allows the 
total iron content of the blood given above to be taken as equal to the chloro¬ 
cruorin iron. 

SpaTograpihis blood saturated with oxygen at atmospheric pressure contains 
102 CO of oxygen per litre combined as oxyohlorocruorin (Fox, 1926); that is, 
4*6 X 10~^ gram-moleculea per litre. The mean iron content of the chloro¬ 
cruorin in the eight blood Bpecimens analysed was 4*9 X 10~^ gram-atoms 
per litre. The ratio of the number of molecules of oxygen to atoms of iron 
in oxychlorocmorin is thus 4 *6/4-9 =>0*94. Allowing for experimental 
error, this may bo taken as unity, one molecule of labile oxygen corresponding 
to one atom of iron as in haemoglobin. 

The fact that the proportion of iron to oxygen was found to be higher in 
oxychlorocmorin than it should have been if the ratio were really unity may, 
however, not be duo to experimental error but to the presence in the blood 
of a certain amount of mctachlorocmorin or other derivative of the pigment. 
None such was detected spectroscopically in Spirographia, but the blood of 
some young specimens, 5 cm and less in length, of Bispira vdhUicomis, another 
large sabellid, is brown, not green. This brown colour is due to an admixture 
with the oxychlorocruorin of a pigment having a strong narrow absorption 
band at 661 mg,. Addition of sodium h]rdro8ulphite does not alter this band. 
Addition of pyridine gives two a-bands of haamochromogen at 582 and 557 mg 
respectively. The first of these is derived from chlorocruorin, the second 
coincides with the pyridine-heemochromogen of haamoglobin. This presence 
of a heemoglobin derivative in blood containing oblorocruorin is remarkable 
in itself. The hemoglobin derivative is not visible in the blood of larger 
Bispifa. 

While the ratio of oxygen to iron is the same in oxychlorocmorin as in 
oxylusmoglobin, chlorocruorin has a higher proportion of iron to other elements 
in its molecule than has haemoglobin (Roche and Fox, 1933). Chlorooraoiin 
may thus be regarded as the better transporter of oxygen. The lack of success 
of chbroemorin in evolution, in spite of this superiority, may perhaps be due 
in part to its high molecular weight (Svedberg, 1933) preventing it from enter¬ 
ing blood corpuscles. 
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2. The Total Amount of Ojygm Carried by CUorocruorin in 
Spixographis 

The total quantity of chlorocruorin in individuals of Spirographis was 
determined as follows. In each experiment undiluted blood was extracted 
from the crowns of several large individuals by the niotliod previously described 
(Kocho and Fox, 1^33). Of this blood, exactly 0*097 cc was diluted to 8 oo 
with distilled water. To 2 cc of the diluted blood, 15 cc acetone containing 
0-3 cc N HCl was added. After centrifuging, the volume of the resulting clear 
light brown solution (a) of chlorocruorohsematin was measured.* 

Next, a single worm was weighed, after which it was out up with scissors, 
the fragments ground with sand, water added, and the suspension centrifuged. 
The volume of the liquid from the centrifuge tul>e, which contained the total 
blood of the worm, was measured. Then 2 cc of this liquid was added to 15 co 
acetone containing 0*3 cc N HCl. As before, the resulting solution (b) of 
chlorocruorohffimatin was centrifuged and its final volume measured. 

After the relative concentrations of hsBmatin in the two acetone extracts 
(a and b) had been determined with a colorimeter, the necessary data were 
available for calculating the total quantity of chlorocruorin in the worm in 
terms of the quantity in 0*097 co of blood. But 0*097 cc of blood contain 
4-7 X 10“’ gram-atoms of chlorocruorin iron, since, os shown above, the blood 
contains 4*9 X 10”® gram-atoms of iron per litre. Thus the total quantity of 
chlorocruorin iron in each worm could be directly deduced. Tlie results of 
the investigation of 11 worms are giv(»n in Table I. 

Table I—Chlorocruorin Content of the Blood of Individuals of SpirograjJiis, 



Wet weight! of 

Total chlorocruorin 

Cblnrocruorin iron 

No. of worm 

worm, grama 

iron, 

per gram worm, 
gram-atoxna x 10“^ 


gram-atoma X 10-* 

1 

21 

0*8 

2-9 

2 

3*2 

0*9 

2'8 

3 

3-8 

1*6 

4-2 

4 

4-1 

1-3 

3*2 

5 

4-9 

1-fl 

3*1 

6 

S-l 

1-7 

3*3 

7 

S-« 

1-2 

2-1 

S 

6*6 

1*6 

2*7 

0 

8*4 

1-5 

2-4 

10 

8*0 

3-2 

4*0 

11 

8*1 

2-1 

2 0 



Mean 

. 3-0 


t In Spirographis the mean ratio of wet weight: dry weight; volume ia 1 : 0*27 : 0-94. 

* It waa first attempted to extract the luematin in alcohol and ether, but, probably 
owing to impnritlea in the ether, the colour of the eztraota frded rapidly. 
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It ifl probable that the valaea for iron given in Table I are a little too high, 
for the following reason. Acetone added to the liquid obtained by centrifuging 
the Buspension in water of the ground-up worm dissolves not only the chloro- 
cruorohsematin but also a certain amount of other pigments from the tissues 
of the worm. As a result, the acetone extract from the worm is of a slightly 
yellower brown than that from the whole blood. This must involve a small 
but indeterminable error in the colorimeter readings. 

It will be noticed that the figures in Table I for the chlorooruorin iron per 
gram of worm vary considerably. In all probability this variation is not due 
to experimental error alone, but is in part real. In order to determine the 
experimental error of the method, a series of six separate acetone extractions 
was made from one and the same watery solution resulting from centrifuging 
the suspension in water of a single ground-up worm. These parallel samples 
gave values for the chlorocruorin content of the worm of which the highest 
was only 1 -15 times the lowest. Yet the highest figure in the last column of 
Table I is twice the lowest figure. Such variations in the chlorocruorin content 
of the blood of diilerent individuals would, as pointed out above, not be 
unexpected. 

The quantity of oxygen which the total amount of chlorocruorin in the 
blood of an individual Spifvgraphia could carry can now be deduced. As 
shown in Table I, the mean content of chlorocruorin iron per gram of worm 
(wet weight) is 3-0 x 10*'^ gram atoms. This means that a worm weighing 
1 gram possesses in its blood a quantity of chlorocruorin which could bind 
3-0 X 10“^ gram-molecules of oxygen. But the chlorocruorin in Spirographis 
blood in equilibrium with air at 17® C* is only 90% saturated with oxygen 
(Fox, 1926). Therefore the worm weighing 1 gram oould carry 2-7 X 10“^ 
gram molecules, or 6*0 omm, of oxygen attached to its chlorocruorin. 


4. Sum'inary 

(1) One molecule of labile oxygen in oxychlorooruorin corresponds to one 
atom of iron. In this ratio of oxygen to metal, chlorocruorin resembles 
haemoglobin and difiers from haemooyanin and haemerythrin. 

(2) The total chlorooruorin content of Sp/vrograpkiB blood and the quantity 
of oxygen which the blood can carry have been determined. 

* By an ovenight this temperature was omitted from my paper of 1920. 
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The Decomposition of Sodium Formate by Bacterium coli in the 
jiresence of Heavy Water 

By A. Farkas, L. Farkas, and J. Yudkin (Bonn W. Levy Research Student), 
The Colloid Science and Biochemical Laboratories, Cambridge University 

(Communicated by Eric K. Hideal, F.R.8. Received April 16, 1034) 

Since the discovery of the heavy hydrogen isotope, it was realized that this 
might prove very useful for the investigation of the mechanism of chemical 
and biological reactions. 

As a simple reaction of a biological nature, we have chosen the decomposition 
of sodium formate by the enzyme hydrogenlyase of Badcrium coli (see Stephen¬ 
son and Stickland, 1032). 

The mechanism of the decomposition of the formate generally accepted has 
been 

HCOONa + H.O ^ HCOOH + NaOH (1) 

HCOOH H, + CO, (2) 

Since both formate and water are involved in this reaction, it was thought that 
some idea of the mode of decomposition of the formate could be gained by a 
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Btodj of the isotopic compositioa of the evolved hydrogen in the presence of 
varying amotints of heavy water. 

If the reactions (1) and (2) were the only ones involved then, by replacing 
normal water by heavy water, the reactions 

HCOO Na + DgO ^ HCOOD + NaOD (U) 

HCOOD Fi HD + CO* (2a) 

would result, t.e., only the acid — H — atom of the formate could be exchanged 
for D. 

Thus the D-content of the evolved gas can never exceed half that of the 
water, also D* molecules should not be evolved. 

To examine whether exchange between the carbon linked H of the formate 
and the D of the heavy water takes place, the following experiment was made ; 
0-6 gm HCOONa and 0-06 gm of water containing 37% D were mixed at room 
temperature, and after five hours the water was distilled off from the salt and 
its D-content re-detcrmined. It was found that no appreciable change had 
taken place, thus the H atom of the HCOO ion is not replaced by D by dissolv¬ 
ing formate in heavy water. This result is in agreement with the experiments 
of Bonhoeffer and Brown (1933) and Bonhoeffer and Klar (1934), which showed 
that the carbon-linked hydrogen atoms of organic compounds are not replaced 
by heavy hydrogen in solution, provided catalysts are absent. 

The analysis was carried out by the methods described in a previous 
communication (Farkas, 1934), using a micro thcrmo-conductivity method for 
the determination of the D-oontent of the hydrogen gas. If water was to 
be analysed, it was decomposed on a hot tungsten wire into hydrogen and 
tungstic oxide, and the D-content of the resulting gas analysed by the micro 
method. 

To gain some information about the mechanism of the mode of decomposition 
of the formate, throe seta of experiments were carried out:— 

(1) The enzymatic decomposition of sodium formate in the presence of 
different amounts of heavy water. 

(2) The catalysis of the reaction HtO + HD HOD + H, by the enzymes 
present in suspensions of Boef. coli, 

(3) The decomposition of formic acid by palladium black in the presence of 
heavy water, to compare the action of the enzyme with that of 
palladium. 
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For ibe experiments (1) and (2) the Bad, ecU was grown on a tryptic digest 
of caseinogen containing 0-6% formate in a flask, and from this a washed 
suspension was made (see Yudkin, 1932). The bacteria were dried as 
thoroughly as possible by pouring off the water after centrifugation, in order 
to avoid excessive dilution of tlie heavy water, when the bacteria were put in 
the sodium formate heavy water solution. 

The enxymatic decoTnpoRition of the sodium formate in heavy water was 
carried out in the following way : 0-1 cc M/2() phosphate buffer of pa 7 and 
0-1 00 M/10 sodium formate were placed in a tube, and dried by evaporation. 
Then about 0-3 co of water of known D-content and about 0-06 cc of the 
nearly dry bacterial suspension were added. The tube was cooled to 0° C and 
evacuated. It was then wanned to 38-40° G for some hours, during which 
time 0-1-0-2 cc of gas at (N.T.P.) were evolved, exerting a few millimetres 
pressure in the tube. 

The D“Content of the evolved hydrogen was measured several times, and 
finally the D'content of the water was determined in order to estimate the 
dilution of the original water caused by the addition of tho bacterial suspension. 

In order to test the method in the first experiment, sodium formate was 
decomposed by the bacteria in presence of normal water. After the carbon 
dioxide and water had been frozen out by means of liquid air, the evolved gas 
was found to consist of pure hydrogen and contained no uncondensible 
impurities. Table I shows the results obtained in lieavy water of different 
D-content. 

Table I 


1) content of tbo 

D content of tho 

(H/D)riui 

IT 

water in % 

gaa in % 

(H/D) water 


0 

0 

— 

— 

10*6 

6-5 

3-5 

3-71 

25 0 

10-0 

3-0 

.3 US 

30-7 

12*5 

31 

3-19 

77-5 

49-1 

3-5 

4-00 


Mean 

.... 33 

3-30 


The expression given in the third column is the ratio of the relative concentra¬ 
tions of hydrogen and diplogen in the gas and in the water, i.e., for the first 
experiment 


93-6 

6-6 


8216 = 36 . 

19-6 


Thia magnitade is characteristic for the isotopic composition of tho gas, being 
nearly independent of the oonoentration of H and D in the water, and is, as 
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we AbS. have oooasion to obeerre, approirixnately the equilibrium oonatant of 
the reaction:— 

HgO(u<i.) + HD ^ HOD(Uq.) + Hg (3)* 

A more detailed analysu of the hydrogen evolved with regard to its composition 
in respect to the three different molecular species, H,, HD and Dg (Zoo. oU,), 
showed that these three constituents were always present in their equilibrium 
concentration, t.o., according to the equation 

w [HD]* 

being the equilibrium constant equal to 3-28 at 40^ C (see Urey and 
Rittenberg, 1933). 

Thus the reaction schemes indicated by equations (1a) and (2 a) must be 
rejected since neither of the anticipated n-sults are fulfilled. 

To investigate the effect of Bact. colt on the pure exchange reaction of 
equation (3), the evolved hydrogen dJplogen mixture containing 12 % D) 
was left in contact with the water from which it had been liberated (c.^., 
containing 30-7 % D) in the presence of bacteria. In this experiment, even 
after a day, no change whatever in the isotopio composition of the gas occurred. 
In another series of experiments, normal water was left in contact with 
hydrogen containing about 30% D in presence of bacteria (without addition 
of formate and buffer solution), when in a few hours the hydrogen in the gas 
was completelyt replaced by ordinary hydrogen, for certain concentrations of 
heavy water give a gas with more than half the amount of D present in 
the water, while Dg molecules are also found, according to the reaction.^ 
In the third series of experiments, the bacteria were replaced by 
palladium black, and it was found that the decomposition of the formate 
and the reaction (3) took place in exactly the same way as with bacteria. 
If, e,g.f 0-3 cc water, containing 36 % D and 1 % formic acid, was decom¬ 
posed by palladium block at 40^ C, the hydrogen evolved contained 12 % D 
and the composition of the gas did not change when left in contact with the 
water in the presence of palladium black. On the other band, starting with 
water containing 27 % D and ordinary hydrogen, the D content of the gas 

* See Table 1, oolonm 4. 

t This replaoement of heavy hydrogen was complete, as the amount of heavy hydrogen 
pneent in the gas was nei^igibly small compared with the amount of onUnaiy hydrogen 
paeaent in the water. 

% ISiaae reactions do not occur In the abeenoe of bacteria. 
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now gradually reached 10%, owing to the catalysis of the reaction (3) by 
palladium black (see Horiuti and Polanyi, 1933). 

Discussion 

The second series of experiments, i.e., the catalysis of the hydrogen-water 
exchange reaction by the enzyme indicates definitely that tlie hydrogen 
evolved by the decomposition of formate, with regard to its D-coiitent, is in 
equilibrium with the water from which it was liberated. Tliis is obvious from 
the fact that the D-content of the evolved hydrogen did not change in contact 
with the water in presence of Bad, coli, although hydrogen containing about 
27% D was readily transformed into ordinary hydrogen when in contact with 
ordinary water, in the presence of Bad, coU, Exotstly the same observations 
were made for the decomposition of the formate by palladium—for example, 
hydrogen containing 12% D is in equilibrium with water containing 35?/^ D. 

The conditions of equilibrium between tlic different hytlrogens and the 
different kinds of water are determined by tlic following equations:— 


H, D, ^ 2 HD 

K - tHD]« 

‘ [HJ [D,] 

(4) 

H,0 + DgO ^ 2 HOD 

y IH0D]» 

• [H,0| ID.0] 

(6) 

HjO + HD ^ HOD + H, 

y fHODI tH.1 

• [H.O] IHD] 

(3)* 


Ki was calculated theoretically by Urey and Rittenberg (1933) to be 3-28 
at 20° C, which value was confirmed by the experiments of A. and L. Farkas 
(1933, 1934), and of Rittenberg, Blcukney and Urey (1934). 

K, has not yet been determined, but to a first approximation it will not 
differ much firom K^. 

Kj was determined by Bonheeffer und Rummel (1934), and found to be 
about 3. 

Putting Kj = 4 and introducing the H and D content of the gas— 

= [H,] + i [HD] and D^ = [D,] + J [HD] 
and the corresponding equations for water, we obtain tho values for Kg given 

* The equilibria in all other oxohange reaotions between water and hydrogen, e.g,, 
HiO -f D| ^ DgO + H|, can be derived from those three equilibria. The exchange 
reaction (3) prooeeds according to Horiuti and Polanyi (1034) by the ionization of the 
hydrogen atoms formed on the surface of the catalyst. 
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in Table I, column 4. It will be seen that these do not differ sensibly from 
the ratio (H/D)gu/(H/D) water, and are in good agreement with the value 
obtained by BonhoBfier and Rummel. The experiment on the hydrogen-water 
exchange with palladium black gives K 3 = 3-58. 

With regard to the mechanism of the decomposition of formate by Bad, ooU, 
one can state that the process involves atomic reactions, i.e,, reactions 
between atoms or radicals formed by the action of the enzyme on the formate 
and water, since the equilibria (3), (4), and (5) cannot be attained by reactions 
between the molecules Hj, D 2 , HD, H^O, D^O, HOD (Rutherford and others, 
1934 ; A. and L. Farkas, 1933). 

It is difficult to formulate the special reactions involved in the decomposition, 

but to illustrate the state of affairs we might choose one example from a 

number of different possibilities:— 

HCOO' + HOD HCOO + D + HO' (7) 

HCOO H -f CO, ( 8 ) 

That H and D-atoms are actually involved in the decomposition of formate 
by palladium black is fairly certain, since it is known that on the surface of 
palladium the hydrogen is really present in atomic form. It is very likely 
that the decomposition of formate in both reactions involves the same inter¬ 
mediate products, although the enzyme might induce the first step—production 
of the radicals and atoms in a way different from palladium black. 

It must be emphasized that the difference in the D-content of the hydrogen 
evolved, compared with the D-content of the water, is not due to a difference 
in velocities of reactions involving light and heavy water, but to the position 
of the equilibrium in equation (3), and this equilibrium plays an important role 
BO far not considered in the preferential liberation of light hydrogen in the 
well-known electrolytic and chemical methods of separation. 


Summary 

w 

The isotopic com}>osition of the hydrogen evolved from mixtures of heavy 
and ordinary waters with sodium formate by the action of the hydxogenlyaae 
in Bacterium edi has been analysed. It is found that the composition of the 
liberated hydrogen is determined by the equilibria H, -f D, = 2 HD and 
H|0 4 - HD ^ HOD 4* H,. We must therefore conclude that the docomposi- 
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tion of the formate by the ensyme hydiogenlyase of Boot, odi ocoure through 
atomio reactions, that the establishment of these equilibria between 
molecular hydrogen and water is catalysed by the B, ooli^ and that the 
primary formed H and D atoms exchange with the H and D atoms of the 
water before combining to form hydrogen molecules. 

It is shown that palladium black behaves in a similar manner, and the 
importance of this equilibrium in the preferential liberation of light hydrogen 
in electrolytic and chemical reactions is emphasized. 
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Vnoo-ordinoted Contractions caused by Egg White and by alterations 
in the Cation ratio of the Medium in the Heart of the Chick 
embryo in vitro 

By P. D. F, Murbay, Royal Society Smithson Research Fellow 
(From tho StraDgeways Research laboratory, Cambridge) 

(Commimicated by Sir Henry Dale, Seo. R.S.—Received April 23, 1934) 

Introduction 

In May, 1932, some experiments were made in which fragments of chick 
embryos in primitive streak stages were explantei] into crude white of egg as 
culture medium. Tho object was to study heematopoiebis, which occurred in 
these explants (Murray, 1933). Only two of the cultures interest us here. 
Both were derived from embryos having pear-shaped arecE pdludda: with 
primitive streaks but no head processes and each consisted of that part of the 
area peUuctda of one side which lies opposite the posterior half or three-quarters 
of the primitive streak. Both cultures survived in the egg white and in each 
there was discovered, after two and five days incubation respectively, an area 
which contained actively contracting cells. The contractions were of small 
amplitude and there was no co-ordination between the cells. This activity 
persisted in one culture for 30 days. 

It was necessary to have some name by which this anarchic contractility 
could be designated ; it resembled fibrillation, at least superficially, but it was 
thought best to avoid this term as the present phenomenon might prove 
entirely unconnected with fibrillation. The word “twitter,” used as noun 
and verb, described the appearance rather well, and I have adopted it as a 
provisional name for this kind of activity. 

The contracting cells imdoubtcdly represented the cardiac ardagen, which 
had undergone a degree of difierentiation in vitro ; the site of origin of the 
explants was such as might cause one to expect the occasional inclusion of the 
ardage of tho heart, and similar explants, cultivated in plasma and embryo 
extract, frequently show differentiation of contracting areas, but in such 
explants the contractions arc of quite a different character, being fully co¬ 
ordinated pulsations. It was evident that egg white had in some way changed 
the character of the beat of heart cells so that the normal co-ordination was 
absent and the contractions were anarchic. 
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No further investigation was made for twelve months. The cause of this 
effect of egg white was then investigated and the results obtained form the 
subject of this paper. 


Methods 

The technical methods used were essentially those of ordinary tissue 
culture. The explants were always cultivated as hanging drop preparations 
on cover-glasses. Except where the contrary is stated, embryo extract was 
not used in the media. Its function in ordinary tissue culture is to encourage 
growth, and in the present experiments growth was not desired but was rather 
to be avoided, as bringing with it dedifierentiation and loss of muscular con¬ 
tractility. Traces of embryo extract were, nevertheless, present in all media 
containing plasma, some small implement being dipped in the extract and 
then used to stir the plasma, to make it clot. 

The principal difference from the ordinary methods of tissue culture was that 
the media were never changed, except in experiment 7. There were two 
reasons for this : firstly, it was unnecessary, as both the co-ordinate beat and 
twittering could bo maintained for long periods (up to six weeks) without any 
change of medium, and secondly changing the medium tends to promote 
growth, which was to be avoided for the reasons given. 


Table I—Solutions used—grams per cent 


DesignAllon 

NaCl 

KCl 

CaCl.OHjU 

MgCl.OH.O 

Osmotio 

prewiin- 

calculated 

aH 

Kleotm- 

metrio 

Ordinsry Pumett 
and (Vimptuns' 
solution .. 

0-48 

0-06 

0-03 

0-06 

oquiTolent 

to 

% NaCl 

0-60 

PH 

7-63 

PC (0*70) .. . 

0-68 

0-06 

0-03 

0-05 

0-76 

— 

SalKW .. 

0-3 

0-252 

0-03 

0-074 

0-54 

7-06 

PC NaCl 0 *3% . 

0-3 

0-06 

0-03 

0-05 

0-38 

— 

PC (0-352) 

0-3 

0-04 

0-02 

0-03 

0-362 

— 

PC(0-68tf) 

0 525 

0-046 

0-023 

0-039 

0-586 

— 


Table 1 shows the composition of the principal saline media used. All 
Balmes contained the phosphate buffer used in Pannett and Comptons’ solution 
(1924). The determinations of pa were electrometric, made with a quin- 
hydrone electrode. All osmotic pressures are given, in table and text, in 
terms of osmotically equivalent solutionB of NaCl; experimental determina¬ 
tions were not made, the figures given being calculated; the calonlations 
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assame complete dissociation of the salts and neglect the osmotic pressure of 
the phosphate buffer. The slight dilation of the solutions by the water of 
crystallisation in CaCla* 6E|0 and MgClg, is also neglected. 


Pabt 1—^Thb DmEBBKTiATiON OF Cabdiac Anlagem IN Ego White 

The embryos ficom which explanta were taken were, in this section, always 
in primitive streak to early head fold stages. The material explanted was 
not in all respects similar in all experiments, but always contained the cardiac 
anlagen. The differences were in size of explant; sometimes the entire area 
peSuoub was explanted, at others only the anterior half or large parts of this. 
It was found that if the oxplants were too small they were imable to survive 
in the egg white, but if they were large enough to form vesicles survival usually 
occurred. Explanta below the minimal viable size are excluded from the 
present account. 

The egg white used as medium was always the more fluid white of the egg ; 
the more viscous white being more difficult to handle. When egg white was 
taken from incubated eggs, fertile eggs were used. 

Experiments 1-5—In these experiments the media were: egg white 
fresh eggs (14 explants), from eggs incubated overnight (21 explanta), from 
eggs incubated for two days (9 explants), from four-day eggs (13 explant8)i 
and from five-day eggs (8 explanta). In addition, thirteen explants were 
made in plasma and embryo extract to serve as controls. 

All the control explants survived and in four there appeared an area of 
cells pulsating rhythmically and in co-ordination. In egg white from fresh 
eggs, or from eggs incubated for less than four days, the czplants showed 
themselves able to survive and, at least in overnight and two-day egg white, 
to undergo a degree of early differentiation, forming brain, spinal cord, somites, 
blood, etc., but no contracting cells appeared. But in three explants in egg 
white from four-day eggs, and in six in egg white from five-day eggs there 
appeared areas of twittering cells. Co-ordiuato beating never appeared in 
egg white. 

The following was the course of events in those explants in which twittering 
areas appeared: after 24 hours the explants had become vesicular, the walls 
of the vosiole being in appearance epithelial. The vesicles contained fluid, 
and generally opaque xnaasca could be seen inside, while, especially when the 
entire area pdlucida was explanted, differentiation might occur, halting at 
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about the stage of a two-day embryo. When contracting tissue appeared 
it seemed to form part of, or else to lie just below, the wall of the vesicle. The 
amplitude of movement was very small and the contracting area was usually, 
especially at first, very restricted, so that careful search was necessary for its 
discovery. 

Twittering was usually discovered at two days after explantation; it may 
nevertheless have been present before this as the cultures were left undisturbed 
on the day after explantation in order to avoid detachment of the still loosely 
attached explanta firom the cover-slip. It often commenced later, and once not 
until 12 days after explantation. Tlie length of time during which contractile 
activity was maintained varied considerably, ranging from only one day in 
four cultures to 18 days in one and 12 in another. 

In the longer surviving explants of the two in the original observation, 
survival and continuation of twittering was very long, 36 days, and the culture 
spread as a whole over the cover-slip so that the contracting cells could easily 
be studied. In the later experiments such complete spreading never occurred, 
the great bulk of each explant remaining intact in the centre, being surrounded 
only by a very thin zone of migration composed mainly of flat epithelial cells. 
The twittering tissue always remained in the central, organized zone, where 
it could bo seen only with some difiiculty and where it was quite unsuitably 
placed for detailed study. 

For the proposed investigation of the cause of twittering some other material 
was required, which would provide greater quantities of twittering tissue and 
which would arrange itself in a manner more suitable for the study of the active 
cells. Such material was found in the entire hearts of two to three day embryos, 
having from 20 to 40 somites. At tliis period the heart has already been 
beating for some time, and baa the form of a bent tube, the bend being in the 
ventricle, and the convex side being the future apical side of the ventricle. 
The atria are present as two pouches which arc relatively lai^r in the older 
than in the younger embryos. The atrio-vcntricular canal is a constriction 
between the atria and the ventricle, while the conus is a comparatively narrow 
tube continuing the arterial end of the ventricle. The ventricular wall is 
little thickened in the younger embryos but in the later part of the period its 
convex sido bos undergone considerable muscular elaboration. Needham’s 
“ Chemical Embryology,” fig. 90, p, 545, contains excellent illustrations of 
stages in the development of the heart; the stages used in the present 
work range from that represented by the figure 2'0 to that shown by the 
figure 3*2. 
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Fabt 2 —Thh Effect op Ego White on the Entire Hearts op 2-3 Day 

Embryos 

Id all the ozperiinenta of this section the technique was as follows: the 
medium was the more fluid part of the egg white from fertile eggs incubated 
for the desired period. The hearts to be explanted were dissected from the 
embryos in NaCl 0-75% or in Pannett and Comptons' saline solution, and 
explanted into the egg white as a hanging drop preparation in the usual manner. 

Experiment 6—The medium was egg white from a fertile egg incubated for 
two days: eight ezplants were made. The co-ordinate beat stopped im¬ 
mediately in all the explants, and it may here be finally stated, that the co¬ 
ordinate beat always stopped at once when the medium was pure egg white. 

Most of the explants became distinctly unhealthy with many cells rounded 
up and dead ; it is probable that some explants died completely. All explants 
remained motionless, with one exception, in which twittering occurred and 
continued for 18 days. It is probable that the entire heart was never active. 
It is not known why this one heart should have behaved in so satisfactory 
a manner while all the other seven remained motionless. 

Expemimd 7—The medium was egg white from fertile eggs incubated for 
four days. Twenty-three explants were made. In a small number of explants 
the medium was, at six days after explantation, removed and replaced with 
fresh; this seemed to have no particular effect, either good or bad, and in all 
other experimouta the medium has been left unchanged. 

Twitter was observed in 13 explants, but the number in which it actually 
occurred was probably larger as, owing to illness, the behaviour of the explanta 
could not be as thoroughly studied as was desired. This figure should therefore 
be regarded as a minimum. One explant twittered for each of the periods 
29, 22, 19 dajrs, two for 14 days, three for 11 days, two for 9 days, and the 
remainder for shorter periods. 

In this experiment, and also in the single instance of twittering observed in 
experiment 6, twittering frequently occurred with great activity while the 
explants spread into relatively thin sheets over the cover-glass. In such cases 
there was always a thicker central region in which movement was absent or 
not very active and this was surrounded by a zone of migration, composed in 
its inner region of several layers of cells forming a network and more peri¬ 
pherally of a very flat sheet of cells lining the cover-glass. The inner, thicker 
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part of the zone of migration was the seat of most active movement, the 
flattened cells of the peripheral zone being usually stationary, though in the 
more active explants oven some of these were found, by careful examination, 
to be mftlring contractions of small amplitude. 

Exfperim/eni 8 —The medium was egg white from a fertile egg incubated for 
five days. Fifteen explants were made. All explants were examined on the 
day of cxplantation at about one to three or four hours after the operation, 
again on each of the two following days, and on sucA^eding days somewhat less 
frequently. Twittering was seen on the day of cxplantation in all cultures 
except three, in eleven on the second day and in seven on the third day. 
Twittering continued in one culture for 35 days, in two for 31 days, in three 
for 20 days, in one for 6 days, in three and probably four for 2 days, and in 
four for only 1 day. 

On the day of explantation, twittering was in four cultures generally dis¬ 
tributed and not confined to any particular region of the heart; in three the 
heart was stationary. In the remaining eight there was no movement in the 
conus but varying amounts of twittering in the sino-atrial and ventricular 
regions. On the second day there was twittering in 11 hearts and in 7 of these 
the activity was generally distributed over the lieart. In one other heart 
twittering was nearly general, but the convex (apical) side of the ventricle was 
stationary. Of the remaining three, one was twittering in the sino-atrial 
region and part of the ventricle, one in the aino-atrial region, and one had 
slight movements in the conus. The four remaining hearts were stationary. 
On both the third and fourth days seven explants were twittering, and in all 
the twitter was generally distributed over the heart. 

From these facts it may be seen that egg white can cause twittering in aU 
parts of the heart, but from observations made on the first and second days, 
that it does so most readily in the sino-atrial and ventricular regions, less 
readily in the conus. 

The frequency of contraction in twittering was always greatest in the sino¬ 
atrial region and least in the conus. 

Yariaiion in the Effect of Egg White according to Age 

The experiments with hearts from 2-3 day embryos agree with those in 
which fragments of younger embryos were used, in indicating that the egg 
white from five-day eggs produces twittering more readily than that from fresh 
eggs or from eggs incubated for only two days instead of five. 
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Pabt S— Thh Cause or TwirrEBiHa in Egg White 

Twittering in egg white might be caused by by the rather low osmotic 
pressure of egg white, by some chemical factor present in egg white, or by the 
absence from egg white of some substance necessary for the maintenance of 
the normal beat. 

l~pH 

The Pa of the ordinary tissue culture medium (plasma and embryo extract) 
is about 7 - 5; in such a medium co-ordinate beat is maintained and there is 
no twittering. The available measurements of the pa of egg white do not 
indicate any very great difierence &om this value. There is general agree¬ 
ment among the authors that the pa of egg white falls during development, 
being, according to Aggazzotti a little over 7-5 at live days, according to 
Yladimirov about one unit higher, while following Buytendijk and Woerdemann 
that of the less viscous component (falling faster than that of the more viscous) 
would be 8-0, or perhaps a little over. These facts are in themselves sufficient 
to exclude as a cause of twittering in egg white (data from Needham). 

2 —Osmotic Pressure 

Bialascewicz, Rice and Young (both references from Needham), Bateman 
(1932), and Hale (1933) have obtained values of the depression of the freezing 
point of egg white ranging from about —0-460® C at four days, and —0-440° C 
at six days for the first author to between — 0 • 42° C and 0 - 41 ° C for the last (unin¬ 
cubated eggs). This last figure is equivalent to a concentration of NaCl of about 
0 -71%. During incubation osmotic pressure rises; hence it is very improbable 
that, at four or five days, it is as low as 0*71% NaCl. In spite of this, however, 
the osmotic pressure of pure egg white is considerably below that of a plasma 
and embryo extract clot. I have accepted equivalence with 0-71% NaCl at 
the osmotic pressure of egg white at four or five days because it can safely 
be regarded as a minimum. If normal media having an osmotic pressure at 
this level maintain the co-ordinate beat and do not cause twittering, hypo- 
tonicity can be excluded from the possible causes of twittering in egg white. 

It may be noted that the tonicity of 0-71% NaCl is little below that of 
0 • 70% NaCl, which is normal saline and does not cause twittering. 

Experiment 9—Seven hearts of two-and-a-half day embryos were explanted 
into a medium which consisted of nine parts of the saline PC (0-686) mixed 
with one part of plasma, dotting was induced by stirrizig with a rod dipped 
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in embryo extract. The calculated osmotic pressure of the mixture, accepting 
Bialasccwicz’s figure for the depression of the freezing point of odult fowl 
blood (—0-636° C), is approximately equivalent to that of 0-717% NaCl, 
or very slightly above that of fresh egg white and probably below, or at most 
equal to, that of four or five day egg white. Co-ordinate beating occurred in 
all the explcinta and twittering did not occur. 

The following facts also have a bearing on the question. 

(1) As will be described under experiment 12, active twittering was induced 
and co-ordinate beating prevented in hearts oxplanted into a medium which 
consisted of the exudate from a clot composed of nine parts of a solution called 
Bal EW ECl 0 - 3% and one part of plasma. In a medium similar in all respects 
save that the saline component contained KCl 0-2%, instead of 0-3%, there 
was very much less twittering and a co-ordinate beat occurred in several hearts. 
Thus here twittering varied directly, and beating inversely, with the osmotio 
pressure, exactly the opposite of the result expected if hypotonicity is the 
cause of twittering in egg white. A similar conclusion followed &om the results 
of experiment 14. 

(2) In another experiment the two media used consisted of egg white diluted 
with ordinary Fannett and Comptons’ solution in ratios of one to four and 
four to one. The osmotic pressure of this saline is approximately equivalent 
to that of 0-66% NaCl; thus egg white diluted with four times its volume of 
the saline is hypotonic to pure egg white and to egg white diluted with one- 
quarter of its volume. Nevertheless, there was more twittering in the higher 
osmotic pressure than in the lower, and co-ordinate beating occurred in the 
lower and not in the higher. 

(3) Further, in experiments to be described in another paper, the media 
consisted of the saline Sal EW, modified by having its content of KCl raised in 
one experiment to 1 -2% and in another to 1-8%, mixed with plasma in the 
ratio of five to one. The osmotic pressures of the solutioTis were calculated 
as equal to those of NaCl 1 - 28% and 1 - 75%, so that the mixtures with plasma 
were very hypertonic to egg white. Nevertheless, very active twittering 
occurred in both. 

From these facts it is concluded that the rather low osmotic pressure of egg 
white is neither the cause, nor a necessary condition of twittering. This 
conolnaion does not imply that osmotic pressures lower than that of egg white 
cannot cause twittering; experiments 16 and 16, indeed, show that strongly 
hypertonic media can, as a sort of shock effect, cause the appearance of a 
transient twitter. 
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3 —The Action of Inorganic CaUons 

The exoliiaion of and osmotic pressure from the list of possible causes of 
twittering in egg white left the two possibilities of absence from egg white of 
some Bubstauce necessary for the maintenance of the co-ordinate beat and of 
the presence in egg white of an agent responsible for its production. In 
subsidiary experiments, which need not be described, evidence was found which 
favoured the second possibility rather than the first. 

An obviously possible twittor-producing agent would be some unusual 
balance of inorganic ions, and the available estimates of the ash of egg white 
showed that the free cations were probably present in concentrations very 
different from those in a balanced solution of salts. 

According to lijin (from Needham), the ash of egg white contains the cations 
Na, K, Ca, Mg in the following proportions (milligrams per hundred grams wot 
weight):— 

Na K Ca Mg 

123-8 132-6 9-8 8-5 

When this ratio of cations is compared with that of a balanced saline solution, 
it is seen that there is little sodium but relatively large quantities of potassium. 
With a view to investigating the effects of so remarkable a cation ratio on the 
behaviour of hearts in vitro a solution was prepared which would have the 
cations present in the same concentration. This solution, which I caU Sal £W 
had the following constitution (grama per cent.):— 

NaCl KCl MgClj 6H,0 CaCl, 6H,0 

0-3 0-252 0-074 0-03* 

To this there was always added the phosphate buffer used in ordinary Pannett 
and Comptons’ solution. The pn was found electrometricolly to be 7-96 
and the osmotic pressure was about equal to that of 0*54% NaCl. The pn 
of ordinary Pannett and Comptons’ solution was found to be 7*63; its 
osmotic preaaure was calculated as equivalent to that of 0*66% NaCL 

The most obvious manner of testing the effect of this solution was to use it 
as a sole medium or after the addition of glucose. A number of experiments 
were performed in this manner but the method was abandoned when it was 

• An error wu made in regard to CaCla6HaO; the amount ought to have been 0-06; 
an experiment with this oonoentration was performed (expeziment 14). 
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found that many of the most interesting efEects of this and related solutions 
were obtained several days after explantation; explants in pure saline or 
saline-glucose solutions do not survive for this length of time. 

Experiment 10—In the first experiment with Sal EW two media were used. 
Medium A consisted of one part of the white of a fertile egg incubated for four 
days mixed with four parts of Sal £W ; inediimi B was similarly constituted 
except that the diluting saline was PC (0*70). Eight hearts were explanted 
into each medium. The explants were examined daily until day 9, thereafter 
on days 11 and 14. 

Restdts —(1) Twitter always oaiurred in medium A. It always appeared 
first in the sino-atrial region, and as time went on tended to spread into the 
ventricle, especially along its Cionvex side (prospective apical side), so that it 
tended to become generally distributed through the sino-atrial and ventricular 
re^ons; it never became general throughout the heart because the conus 
never showed more than a few twittering cells and frequently had a 
co-ordinate heat. It persisted for periods ranging from 5 to II days. 

A true co-ordinate beat never occurred in the sino-atrial and ventricular 
regions, but a curious condition of partial co-ordination of the twitter appeared 
in four and perhaps one other culture, hut not in the remaining three. It is 
not proposed hero to give a full description of this phenomenon or to discuss 
its significance ; hut it may be said that it appeared to be a subjection of the 
short amplitude anarchic twitter contractions to the influence of a co-ordinating 
agent, such as an electric impulse, and not to be a conversion of the twitter 
into a true co-ordinate beat of long amplitude contractions. In three of the 
four cultures the co-ordination was imposed upon previo’usly unco-oidinated 
twitters and in all the co-ordination disapj>Gar6d again before the cessation of 
twittering; it always appeared first in the higher parts of the heart and might 
spread over the whole sino-atrial and ventricular regions. Co-ordination 
was never perfect and the contractions always resembled those of twitter 
rather than those of the normal best. 

In medium A there occurred, at some time during the life of the cultures, a 
co-ordinate beat confined to the conus. This was always a slow beat, as is 
the beat of this region when isolated from the rest of the heart in a normal 
medium. It never occurred on the first day, on which all cultures in this 
medium were stationary. On the second and third days it was present in 
seven cultures, on the fourth day in only two, and thereafter it persisted in 
two (with some interruption in one) until the eighth and ninth (doubtfully 
eleventh) days. 
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(2) In mediam B, twittering ooourred in only one culture, on only one day, 
and was confined to a very Bmall region of the sinus. Co-ordinate beating 
occurred in all cultures on the first, second and succeeding days, except in one 
which was damaged on the second day. There was perhaps a tendency for 
beating to be stronger in the conns than in other parts of the heart, and in 
two hearts the beat was on the first day confined to the conus. The frequency 
of beating was often irregular and the degree of irregularity might vary in the 
same heart from time to time. 

Conclusions—(1) The difiorences in behaviour between the two groups, and 
in particular the occurrence of twitter in medium A, were due to the different 
concentrations of cations in the two media. 

(2) Egg white contains nutritive materials sufficient for the maintenance of 
the co-ordinate beat for some days ; subsidiary experiments showed that in a 
pure balanced saline solution the beat cannot be maintained for much longer 
than 24 hours. The cessation of co-ordinate beating in pure egg white is 
therefore not due to nutritional deficiency. 

(3) The co-ordinato beat was more resistant to the inhibitory action in the 
conus than elsewhere. 

(4) Twittering was more readily produced in the sino-atrial region than 
elsewhere, and least readily in the conus. 

(5) If the only agent in egg white which is concerned in the production of 
twitter is one or more of the free ions sodium, potassium, magnesium, calcium, 
dilution of egg white with a saline solution whose composition in respect of 
these ions was identical with that of egg white, should affect the heart exactly 
as does egg white. Egg white diluted with Sal £W, however, does not exactly 
reproduce the effects of pure egg white, for it tolerates a co-ordinate beat in 
the conus and some degree of co-ordination of the twittering cells in other 
parts of the heart. There is, of course, no reason for supposing that Sal EW 
does exactly reproduce the free cation constitution of egg white, for it is baaed 
upon the constitution of the ash, and, further, upon that of the ash of fresh 
eggs and not of eggs incubated for four or five days, and it is with the latter 
egg white that the comparison should properly be made. In spite of this 
diacrepaucy, a remarkably close reproduction was achieved in regard to the 
production of twitter, for not only was twittering induced, but it was induced 
in those regions of the heart in which it is moat commonly produced by egg white. 

BxperiinefU 11—The conclusions from experiment 10 were in one respect 
open to criticism ; it might be argued that the cause of twittering in egg white 
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was not the ourioos ratio of inorganic cations, but some other factor whose 
action was prevented in the presence of a properly balanced solution of salts. 
This criticism would be answered only when it was shown that twittering 
could be produced, in a medium from which egg white was itself absent, by 
a solution containing cations in the necessary ratio. The present experiment 
was the first, incompletely successful, attempt to carry out this test. 

Two media were used. Medium A consisted of one part of plasma to five 
parts of Sal £W, medium B of one part of plasma to five of PC (0*76). The 
media wore clotted by stirring with a rod which had been dipped in embryo 
extract. Ten hearts were explanted into medium A, four into medium B. 
The Gxplants were examined on the following days: 1, 2, 3, 4, 5, 6, 8, 9, 11, 
12, 13, 15. Many cxplants were, on the fifteenth day, still not stationary, 
but it was unfortunately impossible to continue observations beyond that 
day. 

Results —(1) When examined immediately after oxplantation, all explants 
in medium A showed twittering and none were beating, while all in medium B 
were beating and none were twittering. At the second examination on the 
same day, after incubation, all cxplants of both groups were beating, none 
twittering. Beating continued for a number of days in both media. 

(2) Many irregularities occurred in the co-ordinate beat in medium A; 
perhaps the commonest were heart-block, irregular frequency in the sinus, 
disco-ordination between centres of beating in the sinus and atria, and a 
peculiar condition which I called twittcroid.’’ Heart-block might occur 
between atria and ventricle, or between sinus and atria ; all degrees of block 
occurred from 2 to 1 to much higher orders, and it was frequently very irregular, 
varying in severity in the same heart from time to time. Disco-ordination 
between centres of beating in the sino-atrial region appeared as a failure of a 
centre of beating in the sinus, and of a similar centre in each of the two atria, 
to beat together, resulting in extremely chaotic oontraotions of the whole sino¬ 
atrial region. In addition to this, the sinus itself often displayed irregularity 
in the frequency of contraction. 

'* Twitteroid " was a condition, nearly always confined to the sinus, of 
imperfectly co-ordinatt^d and very chaotic beating, in which there appeared 
to be two elements involved: (o) contractions of the normal type, of long 
amplitude, imperfectly co-ordinated, and (6) unco-ordinated small amplitude 
oontraotions of twitter type, which to some extent interfered with the long 
amplitude oontraotions, increasing their irregularity and further reducing 
their co-ordination. Twitteroid, which occurred at some time in every explant 
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in medium A, always followed more normal beating and was in five explants 
succeeded by twittering. 

Twittering, apart firom that immediately following explantation, occurred 
in six hearts in medituu A, always late in the history of the explaut and in 
five succeeding twitteroid whoa tho co-ordinate element in the latter had 
disappeared. If the interpretation of twitteroid as a mixture of twittering 
and beating is correct, twittering occurred in every explant in medium A, 
at first disguised by association with a co-ordinate beat, as twitteroid, and in 
five explants it became obvious later with the disappearance of the co-ordinate 
element. Twittering was usually, if not always, confined to the sino-atrial 
region, of which in some cultures it involved the greater part, in others only 
a few cells. In one explant it commenced comparatively early (sixth day) 
in a thin membrane of small flat cells which formed part of the sone of migration 
and was free firom the influence of the co-ordinate element in the twitteroid 
sino-atrial region. 

(3) The control explants, in medium B, showed far less interference with the 
regularity of beating than those in medium A, and disco-ordination in the 
sino-atrial region, twitteroid and twitter did not occur. On tho other hand, 
intennittency of beating was perhaps more common in medium B than in A. 

ConcluHons —The solution Sol BW caused twittering in mixture with plasma 
and in the absence of egg white ; it is concluded that twittering in egg white 
is due to its cation balance. The solution also in other ways disturbed the 
co-ordination of the beat. 

Experimef\l 12—The constitution of the solution Sal EW suggested that the 
high content of potassium was probably important as a cause of twittering. 
The present experiment was designed to test this hypothesis. A somewhat 
different technique was used from that of the last experiment. Three saline 
solutions were prepared: one was Sal EW, and the other two differed firom 
this only in containing 0-2% and 0*3% KCl respectively. The media were 
prepared thus: nine parts of each saline were mixed each with one part of 
plasma and the mixture was clotted by stirring with a rod which had been 
dipped into embryo extract; the clots were then cut into several fragments with 
a knife and incubated for about 10 minutes. The fluid exudates which then 
appeared were used as media. The exudate containing 0-3% KCl was called 
medium A, that containing 0-25% KCl medium B, that containing 0-2% KCl 
medium C. The technique of explantation was that usual for explants in 
fluid media. These media have, of course, a lower nutrient value than those 
in which whole plasma is included. Further, tissue cultures in general seem 
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to thrive leas well m a flokl than in a solid medium. Eight hearts were 
explanted into medium A, seven into medium B, eight into medium C. 

BmdU —The results are best presented in a table summarizing the observa¬ 
tions made on successive days. Table II shows for each day the number of 



Day 1 

examination 1 

Table II 

Day 1 

examination 2 

Day 3 

examination 1 

Day 2 

examination 2 

Medium. 

A 

B C 

A 

B 

C 

A 

B C 

A 

B 

C 

Twitter In both Tnajor 
divjBioQi . 

6 

6 6+1T 

2 

0 

1 7 

2 

6 1 

1 

5 

1 (locatioi 

Twitter in SA or V or 
both, not In oonus 

1 

U 1 

4 

0 

0 

2 

0 (iTd) 

4 

0 

nnknov 

1 

Twitter in oonus only .... 

2 

1 0 

0 

3 

0 

0 

1 0 

0 

0 

0 

Beat in both major 
divlbions . 

0 

0 1 tranu 

0 

0 

0 

0 

0 0 

0 

0 

l(duloeati 

Beat in SA or in both 6A 
and V, not in conus .... 

1 

0 0 

0 

U 

1 

0 

0 0 

0 

U 

0 

Beat in conns only .. , 

0 

0 0 

0 

0 

3 

u 

0 2 

0 

0 

2 

Stationary. 

0 

1 1 

2 

4 

3 

4 

1 6 

3 

2 

4 


Abbteviaiiniu, etc.—** Major divisioiu aro sino-atrial-Tentricular legion and conns. 8A, sino-atrial regi 
V, ventricle. Td, twittoruiU. trans, transient. 


hearts twittering, having co-ordinate beat, and stationary. An indication is 
given of the distribution within the hearts of both twitter and beat, by showing 
the numbers of cases in which these modes of behaviour occurred in both the 
major divisions of the heart (sino-atrial-ventricular region and conus), and in 
either of them but not in the other. 

A glance at the table shows that:— 

(1) In the majority of explants in all three groups twittering occurred, in 
both the major divisions of the heart, immediately after oxplantation, while 
co-ordinate beating practically did not occur at that time. In the two hearts 
in which it did occur its presence was clearly due to the experimental medium 
not having had time to exert its full efiect. In normal media beating always 
ooours at this stage. 

(2) Setting aside the pre-incubation twitter, which is probably in large 
part a shock efieot caused by the change of medium, the onset of twittering 
was earlier in medium A than in either of the other two groups (six hearts at 
the second examiuation on the first day, against three in medium B and perhaps 
one in medium C). 

(3) The lowest oonoentiatioa of potassium which oansed twittering at all 
on the first day (medium B), caused it in the conus and not elsewhere, while 
the higher concentration (medium A) caused it more frequently in the atrio- 
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vonhioular region. Co-oidinate beating occurred only in medium C and waa 
usually confined to the conus. 

(4) On the second day, twittering remained eidguous in medium C, but in 
medium B the amount of twittering had greatly increased and was now no 
longer confined to the conus, being present in both atria in four and possibly 
five oases, in the convex (apical) side of the ventricle in four and in all in the 
conus, particularly near its end. The concave side of the ventricle was in all 
oases stationary. In medium A twittering had somewhat decreased, but was 
still much more prominent than in medium C, and showed a preference for the 
sino-atrial and ventricular regions rather than for the conus. Co-ordinate 
beating never occurred in either medium A or B. 

(6) It is concluded that 

(a) The constituent of Sal EW which inhibits the co-ordinate beat and is 
responsible for the development of twitter is potassium, for excess 
potassium stops the beat and further excess produces twitter. Hence 
the agent responsible for the production of twitter in egg white must be 
its high potassium content. 

(b) So far as the co-ordinate beat is concerned, the conus is more resistant 
to excess potassium than the rest of the heart. 

(c) Twittering is usually induced in the conus by a lower concentration of 

potassium than is required to cause it in other regions. 

Experimerd 13—Besides its high content of potassium, the ash of egg white 
and the solution Sal EW contain relatively and absolutely less sodium than is 
present in balanced salines. The object of the present experiment was to 
see whether this low sodium content could be a factor in the production of 
twitter. 

Four salines were used: (a) PC NaCl 0-3% was Pannett and Comptons’ 
solution with the content of NaCl reduced to 0-3%, the amount present in 
Sal EW, the other salts being unaltered; (b) PC (0-352) was Pannett and 
Comptons’ solution with the NaCl reduced to 0-3% and the other salts reduced 
in the same proportion. This solution was isotonic with NaCl 0-352%, and of 
course was slightly hypotomo to PC NaCl 0-3%; (c) Nod 0-362%, with no 
other salts present; (d) NaCl 0-8% with no other salts present. The media 
oonaistod of nine parts of saline to one of plasma and are called medium A, B, 
C and D respectively. Fourteen hearts were explanted into medium A, 
twenty-one into medium B, eleven into medium C, three into mMnm D. 
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ReaviUs —(1) At the first examination, immediately after ezplantation, all 
three ejqplants in medium D were beating aiul none were twittering, but in 
media A, B and G none were beating and nearly all showed some degree of 
twitter. The following table compares the three groups in respect of the 
number of cases of twittering in the major regions of the heart and of the activity 
of twittering. 

Table III 






Medium 






A 



B 



C 


Number of ezplantsL n which— 



0/ 







Some dogroc of twitter oocuned in SA. 

13 


/O 

93 

17 



4 


& 

9t f. AVC 

9 

=1 

64 

10 

as 

48 

1 


0 

M .. V . 

1 


7 

1 

n 

5 

0 



„ „ ooniifl 

11 


70 

17 


81 

8 


73 

Twitter ooourrod in both atria (ineteod of 










only in one) . 

10 


71 

13 

B 

62 




Twitter was a^ve in SA . 

5 

IS 

36 

S 

s 

24 

0 



Twitter wm weoA in BA . 

2 


14 

6 

=a 

39 

4 

=■ 

36 

Twitter woe active in AVC ... 

4 


20 

3 


14 

0 



Twitter wan weak in AVC .. . . 

1 


7 

6 


20 

1 


9 

Twitter waa active in the ooniu 

1 


7 

2 


10 

0 



Twitter woa weak in the conus .. 

11 

sr; 

79 

12 


67 

8 


73 


Abbnviationa, etc.—The flgurm in the right-hand column are percentages of the total number 
of exfdants in each medium. sino-alnal region. AVC\ atriu>ventricular canal. 

Thus (1) in regard to more incidence of twittering in the smo-atrial region 
and atrio-ventrioular canal, the explants in medium A gave the highest figures, 
those in medium B the next highest, and those in medium C the lowest figures. 
In the ventricle and conns the difference between the three groups is probably 
insignificant. (2) The incidence of twittering in both atria, instead of in 
only one, is higher in medium A than in medium B ; the data for medium G 
are in this respect insufficient, but there is little doubt that the actual incidence 
was low. (3) The activity of twittering tended, in the sino-atrial region and 
atrio-ventricular canal to be greater in medium A than in medium B, but in 
the conus to be greater in medium B than in medium A, while in medium C 
activity was in all regions less than in either of the other two media. 

Medium C was isotonic with medium B; therefore, if the low osmotic pressure 
accounted for aU the twittering in medium B there should have been the same 
amount of twittering in both media. Actually there was definitely more 
twittering in medium B. But medium B differs &om medium C in having less 
sodium and more of the other cations; it may therefore be concluded that so 
far as explants in medium B twittered more than those in medium C this was 
due to its lower ratio of sodium to other cations. 

Explants in medium A twittered more than those in medium B, at least 
in the sino-atrial region and atrio-ventricular canal. Medium A was slightly 
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hTpertonio to mediom B, thecefore this greater activity was not due to a lower 
osmotic pressure; in regard to cation ratio it differed £rom medium B in the 
same sense as that in which medium B differed from medium 0. Thus its 
greater activity in these regions most have been due to the same cause, that 
is, to a lower ratio of sodium to other cations. 

Ezplants were made in medium D merely to show that a high ratio of sodium 
to other cations does not cause twittering. 

Ordinary Panuctt and Comptons’ solution, which has the same cation 
ratio as PC 0-362 does not cause twittering. This fact has its explanation, 
which will be given in another paper. 

(2) At the second examination on the day of explantation, and on succeed¬ 
ing days, the explants of all groups were beating. Twittering did not occur, 
after the first examination, in any explant in media B, C, or D, but it occurred 
in at least five explants, and probably in one other, in medium A. The twitter¬ 
ing was never extended over the entire heart or even over a large port of it, 
but was usually restricted to quite small regions. Most frequently it occurred 
shortly before the death of the explaut when the co-ordinate beat was absent 
or much weakened. Sometimes it occurred earlier, as in two explants on the 
second and third days respectively, when it appeared in the conus in the 
intervals between co-ordinate beats. No particular part of the heart appeared 
to be favoured, but the recognition of morphological regions was often difficult 
in late stages, owing to the spreading of the explants. Whore it appeared 
early in the life of the explant it lasted for one to two or three days and then 
disappeared, while the co-ordinate beat might continue. 

In media C and D, in both of which the ratio of sodium to other cations was 
high, the vigour, regularity and period of continuation of beating were in no 
way inferior, but rather better than in the other media. In medium C the 
beat persisted for periods ranging from two days in one heart to over two 
weeks in several. 

It is concluded that: 

(1) A low ratio of sodium to other cations favours twittering, and therefore 
the appearance of twittering in egg white is assisted by its low sodium 
content, 

(2) Low osmotic pressures, considerably below that of egg white, can cause 
a transient twitter. 

ExperimefU 14—It was stated in a footnote on a previous page that in the 
preparation of the solution Sal EW a mistake was made, the solution beizig 



Unco-ardinated Contractions in Heart of Chick Embryo. 397 

made to contain 0-03% CaCl| 6H|0, whereas it should have contained twice 
this amount. The present experiment was intended to show whether the 
addition of the extra amount of calcium would afiect the twitter-producing 
properties of the solution. Further, since it is not improbable that egg white 
after four or five days incubation of the egg may contain significantly more 
caloiom than is present before incubation, I prepared a solution (Sal EW 
CaCl|dHsO 0-1%) having a higher calcium content than that supposed to 
represent the calcium content of the unincubatod egg. 

Three salines were used: one was Sal EW having as usual CaClg 6H|0 
0-03%, the second and third resembled the first except that they contained 
0-06% and 0-1% CaClg6H|0 respectively. Bach saline was mixed with 
plasma in the proportion of nine of saline to one of plasma and the resulting 
mixtures were the media, which were used as solid clots. The mixture with 
Sol EW CaCl, GHgO 0-1% was called medium A, that with Sal EW CaCl, 
6HjO 0-06% was called medium B, that with Sal EW CaCl| 6H|0 0-03% was 
called medium G. Eight hearts were explanted into medium A, nine into 
medium B, nine into medium C. All explants were oxaminod immediately 
after explantation, again later on the same day, and thereafter daily. 

RestiUs —The accompanying table indicates the results over the first and 
second days. An arbitrary, and unavoidably somewhat subjective distinction 
has been made between active and weak twitters, the former indicated in 
Table IV by T, the latter by e. The distinction represents such differences as 
between a twitter affecting, for example, the whole sino-atrial region (T), 
and one confined to a single atrium with less active movement (t), or between 
a conus in which all or most of the cells are constantly contracting and relaxing 
and one in which an occasional contraction can be seen in odd cells here and 
there. Intermediate conditions, described in the notes by such terms as 
** moderate twitter,” are included under T, so that the group (is composed of 
definitely weak twitters. Owing to the impossibUity of measuring twitter, 
either by fmquenoy of contraction, number of ceUs contracting, or by any other 
method, while some distinction such as that made is essential to the description 
of the facts, this rather arbitrary classification must be used. There is no 
doubt that it does give a fairly accurate representation of the differences in 
the effects of the three media. 

Table IV shows that at the first examination, immediately following explana¬ 
tion, there was no very marked difference between the three groups; a slight 
inactivity in medium B, compared to those in media A and C, must surely be 
insignifioant. At the next examination, the second on the day of explanation, 
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the activity of aQ groups has decreased^ and in medium C more than in media 
A and B, the only twitters existing in the former medium being in the conns 
and weak, while both the other two groups showed twitters in the aino-atrial 
region as well as in the conus. On the second day the greater activity in 
media A and B was well established, and fo\ir of each group now showed active 
twittering in the ventricle. In each of these eight explants twittering was 
present through the whole, or at least the greater part, of the sino-atrial region, 
along the convex (apical) side of the ventricle, and in the conus; that is, it was 
distributed throughout practically the whole heart except the concave aide of 
the ventricle. In medium C no twittering occurred in the ventricle. 


Table IV 


Day 1 

examination 1 
Medium 



A 

B 

V 

BA . 

. 6T 

3T 

6T 


2i 

4t 

IT 

3t 

Ventiiole. 

. .. 21 

ITT 

0 

it 

Conui . 

. 3+lTT 

4T 

5T 


4t 

it 

3t 


Abbreviations—KA, imo-atrial rogion. T, 


Day 1 

ciaminaiion 2 
Medium 


Day 2 

M^um 


A 

B 

C A 

B 

C 

4T 

IT 

0 6T 

7T 

IT 

21? 

41 


21 

it 

0 

0 

0 4T 

4T 

0 

2+2TT 

fiT 

71 4T 

6T 

3T 

31 

31 

3i 

3t 

31 

1 ? 

acUvo or moderate twitter, t, weak twitter. 



After tbe second day, the superior activity and extension over the heart of 
twittering in media A and B were maintained, and there is no need to describe 
the results further. Also the low nutritional quality of the medium began 
to make itself felt. 

The osmotic pressure of medium C was, of course, slightly below that of 
media A and B, and it may be thought that this influenced the results. But 
the diflerenoe between the media B and C was only 0*03% CaCl|dH,0, 
osmotically equivalent to about 0'01% NoCl. Farther, experiment IS showed 
that so far as osmotic preasnie influences it at all, hypotonicity should favour 
the development of twitter. 

The present experiment has been done twice. The results obtained on the 
first occasion have not been described because the number of explants in 
medium A was thought to be too smalL Essentially similar results were 
obtuned on both occasions. 

The added calcium in media A and 6 both increased the activity of twittering 
and extended its range over the heart, particularly into the sino-attud legiim; 
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it ia concluded that, in egg white, twittering is due not only to the action of 
potoasinm in a medium of low sodium content but also to the action of calcium. 


Discussion 

The object of the present work was to discover the cause of twittering in egg 
white, not to present a full investigation of the nature of this phenomenon or 
of all the factors influencing its production. The ejcperinnents described have 
made it clear that in egg white the principal factor responsible for the production 
of twitter is the high potassium content, and that this is aided by the calcium 
and is at least in part dependent upon the low content of sodium. It is possible 
of course, that the part actually played by calcium may be greater than the 
available facts would indicate, for the solution Sal EW is based upon the ash of 
unincubated egg white, not upon any knowledge of the actual free cations of 
egg white after four or five days incubation. 

The present communication is not the first occasion upon which the 
phenomenon with which it deals has been reported. Olivo (1924) described 
the effects of treating explanted fragments of chick embryo hearts with excess 
calcium and potassium. He found, with both, an effect exactly similar to 
that wliich I have described, except that in calcium twitter (called by him 
“ contraxioni dissociate ”) might be accompanied by co-ordinate beating, an 
observation which I have since fully confirmed. In potassium, however, he 
found that the abnormal activity ceased after at most a few hours and could 
not be reawakened. This result is very different from mine; it is shown in 
this paper, and repeatedly in experiments which have not yet been reported, 
that twittering caused by potassium may continue for da}rs. These divergent 
results may be due to differences in technique or to the fact that the material 
used by Olivo was usually derived from older embryos than those which I 
have used. It is a fEUst that, some hours after explantation, tiie preliminary 
twittering seen in my experiments immediately after cxplantation, and which 
appeared to be of the nature of a shock effect, tended to disappear; later, 
however, it usually reappeared and then continued until the death of the 
explant. I suggest, therefore, that the twittering which occurred in Olivo’s 
experiments with potassium was this preliminary riiock effect twittering and 
that the concentrations of potassium in his media were too low to produce 
the more permanent twitter. Olivo’s other observations will be discussed in 
a succeeding oonununioation. Bucoiardi and Bisceglie (1929) also saw dis- 
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todated (twitter) oontraetionfl in excess oaloimn and excess potassinm^ but 
they did not investigate the phenomenon exhaustively. 

The relation between twitter, co-ordinated twitter, twitteroid and co¬ 
ordinate beat presents a difficult problem which will not receive its full 
elucidation until further experiments have been made. A word may never¬ 
theless be said on co-ordinated twitter and twitteroid. The characters of 
twitter are : (a) lack of co-ordination between the cells; (6) small amplitude 
of tiie contractions; (o) the contractions are repetitive but arhythmio, that is, 
no regularity can be discovered in the lengths of the intervals between con¬ 
tractions ; (d) the frequency of contraction of each cell is greater than the 
fluency of the intrinsic co-ordinate beat of the region of the heart oonoemed, 
and is greater in the sino-atrial region than in the ventricle, and in the ventricle 
than in the conus. Co-ordinated twitter appears to be a condition in which 
each cell contracts in the manner seen in ordinary twitter, but with more or 
less co-ordination, while in twitteroid there is a mixture of twitter with a co¬ 
ordinate beat whose co-ordination has been rendered imperfect by the same 
factors as have caused the twitter. 

The fundamental problem of the relation between fibrillation as seen in the 
mammalian heart, co-ordinate beat and twitter will be discussed on another 
occasion after the presentation of further data. 

In oonclusion, it is a pleasure to express my thanks to Dr. H. B. Fell for 
assistance given in many ways, to Mr. C. W. Wilson who helped with the 
determinations, and to my wife who prepared many of the explants. 


SXJMMABY 

1— Fragments of chick embryos in primitive streak stages, taken from ports 
of the embryo known to contain the heart anlagen, and explanted into egg 
white, survived as vesioalar structures in which a degree of differentiation 
might occur. In egg white of eggs incubated for four or five days areas of 
oontiEcting tissue appeared, but not in egg white from eggs incubated for 
two days or leas. 

2— Bimilar fragments, explanted into plasma and embryo extract, produced 
areas of contracting tissue; the contractions were rhythmic and co-ordinate. 
In egg white the cells contracted in a quite anarchic mannur without co¬ 
ordination and arhythmioally; the contractions could continue for long 
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periods of time, in one intance for 36 days, although the medium was not 
changed. 

3— The unco-ordinated contractions suporhcially resembled fibrillation, 
but as identity with fibrillation Temains doubtful, the present phenomenon is 
given the provisional name “ twitter.” 

4— The entire hearts of embryos incubated for two or three days behaved 
similarly when explanted into egg white. Egg white from eggs incubated 
for less than two days was not tried; in egg white from eggs incubated for 
two days twittering occurred in one explant, the hearts being stationary in the 
remainder, but in egg white from eggs incubated for four or five days, while 
the co-ordinate beat stopped in all, it was frequently replaced by twitter. 
Five day egg white was a more active agent in producing this phenomenon 
than four day egg white. Older egg whites were not tried. 

5— The cause of twittering was investigated, mainly by the use of a saline 
whose content of sodium, potassium, calcium, magnesium resembled that of 
the ash of egg white. It was found that the principal agent in the causation 
of twitter in egg white is the high content of potassium,that this is aided by 
the much lower, but still rather high content of calcium, and that the occurrence 
of twitter is assisted by the low content of sodium. 

6— The C/O-ordinate boat was more susceptible to excess potassium in the 
sino-atrial region than in the conus, so that it might persist in the conus in a 
content of potassium which had stopped it elsewhere. The frequency of 
beat in the conus was then low, resembling the intrinsic beat of the same 
region when mechanically isolated from the rest of the heart. 

7— Twittering was usuaUy induced in the conus by a lower concentration 
of potassium than was required to cause it in other regions. 

8— Osmotic pressures much below that of egg white produced a slight 
transient twitter which was soon replaced by a co-ordinate beat which could 
be maintained for days. The osmotio pressure of egg white is too high to be 
a cause of twitter, 

9— The characters of twitter are : (a) absence of co-ordination between the 
contracting cells; (i) short amplitude of contractioas; (c) the contractions 
are repetitive but arhythmio; (d) the frequency of contraction of any cell is 
greater than the intrinsio frequency of the co-ordinate beat in the region of 
the heart in which the cell lies; (e) the frequency of contraction is very great 
in the sino-atrial region, lass in the ventricle, least in the conus; (/) twittering 
may occur distributed over all or most parts of the heart or may be restricted 
to almost any large or small region in it. 
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[Platb 19 ] 

1—IrUroduclion 

Hypophysectomy is now performed readily in many mammals and amphi¬ 
bians, but so far it has apparently not been suceessfolly accomplished in 
birds. Fischera (1900) attempted to cauterise the pituitary body of the 
fowl, but obtained only dubious results. In view of our increasing knowledge 
of the reproductive system and secondary sexual characters of birds, it is 
evident that hypophysectomy would open up a wide field of investigation for 
work on sex hormones. The parapharyngeal route for removing the pituitary 
was precluded by the large size of the gullet, while the temporal route seemed 
to offer little hope. The extensibility of the mouth tissues, however, suggested 
that a buccal approach would be practicable. It was found bardy possible 
to open the beak sufficiently to give easy access to the back of the mouth, but 
a- comparatively small incision in the thin elastic floor of the mouth provided 
a ready approach to the soft palate and the base of the akulL We have found 
it possible to remove the pituitary with comparative ease by this transbucoal 
route, and the present paper is devoted to a descriptbn of the exact technique 
of the operation. 
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II —Operative Technique in the Fowl 

The follo¥rmg description applies primarily to the fowl \ notes on the 
differences found in other birds arc given in Section III. 

The bird is given a small sub-cutaneous dose of urethane (about 0*5 gm 
per kg) and a large dose of atropine (about 20 mg) and aneesthetized with 
ether. This amount of urethane does not retanl recovery appreciably and 
makes it easier to give the ether. Atropine is essential to control the copious 
mucous secretion in the mouth. 

The ventral surface of the neck is plucked from the sternum upwards. A 
U-shaped tracheal cannula is inserted low down in the neck, each arm of the 
tube being about 5 cm long, and a piece of rubber tubing is then attached to 
the free end to lead back over the breast to the anedsthetiat. The normal air¬ 
way is not completely occluded in the operation on the fowl, but the use of a 
tracheal cannula, though not essential, is highly convenient. The bird is 
placed on its back, head towards the operator. The head is kept vertical by an 
adjustable and suitably shaped block on each side and is held down by an elastic 
band over the beak. Between the blocks a slit is cut in the board to accom¬ 
modate the comb. 

An incision about 2 cm long is made through the skin and platysma between 
the wattles, starting about 1*5 cm behind their anterior margin, hg. 1. If 
the wattles are very much developed and fleshy they may meet in the mid¬ 
line, and it is then necessary to make the incision farther back and to retract 
the skin anteriorly. Interference with the complex of blood vessels at the 
base of the wattles may lead to their becoming gangrenous and must always 
be avoided. The edges of the skin are retracted by small hooks attached to 
elastic. The anterior part of the hyoid apparatus and the thin muscles cover¬ 
ing the floor of the mouth are now in view. By pushing the hyoid bones to the 
left, a strip of the floor of the mouth free from muscle can be seen in the angle 
between the mylo-hyoid and the stylo-hyoid muscles. An incision about 
2 cm long running anterio-posteriorly is made at the right-hand margin of 
this area. The incision must be kept well to the right, otherwise little tissue 
will be left against the base of the tongue and the subsequent suturing will be 
more difficult. The tongue and hyoid apparatus are now retracted to the 
left by further hooks and a slight retraction on the right-hand margin and 
anterior end of the incision completes this stage of the operation. The glottis 
is about 3 cm posterior to the incision and is unaffected by these manipulations. 
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Part of the hard palate* and almost the whole of the soft palate are now in 
view. The latter is deeply cleft, except in the middle, where a bridge of tissue 
connects the two sides at a point above the articulation of the pterygoids 
and palatines with the rostrum, fig. 2. 

Since there is no nasal pharynx in the fowl, access to the base of the skull 
is easy. The ridge forming the anterior extremity of the basi-temporal bonef 
can be felt with a seeker below the posterior end of the cleft in the palate. 



Fio. 1—^Ventral surface of head of fowl, showing line of skin inoision. 

The narrow rostrum can also be felt under the bottom of the cleft and can be 
traced forwards to its junction with the vomer which projects into the mnch 
deeper cleft in the hard palate. The posterior part of the cleft in the soft 
palate is deepened by blunt dissection and the two sides of the palate are 
pushed laterally and held in position by a spring retractor of the type used by 

* “ Hard and soft palate ” are here nied as descriptive terms for regions not homologous 
with those so called in mammals, 
t terminology used is that of Paiker (18fi0). 
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Wliite (1933) for the rabbit. The rostrum is most easily cleared of coimective 
tissue and periosteum by light cauterization. The cavity thus made is bouzuled 
laterally by the retracted palate, posteriorly by the crest of the baai-temporalf 
and anteriorly by the bridge of tissue across the cleft of the palate, fig. 3. The 
openings of the Eustachian tubes are at the posterior end of the rostrum, and ore 
obliterated by the operation. An oval hole about 3 mm by 6 mm ig now 
drilled in the posterior rostrum with a No. 13 dental burr, the posterior margin 



Fio. 2 — ^Flnt stage of hypophyBcctomy : floor of Tnoutb opened, and palate exposed. 


of the hole extending to the basi-temporal. The rostrum is quite narrow and 
unless the hole is made exactly in the mid-line, it is easy to get lost in the soft 
tissues at the side. Before drilling is begun it is advisable to make sure that 
the preliminary manipulations have not pushed the head out of the vertical, 
as loss of direction in drilling is much more likely if the head is leaning to one 
side. The rostrum is soft and “ honeycombed,” but little bleeding should 
oooor during drilling. When the hole is about 3 mm deep, the pituitary 
comes into view. Approached from this direction, the pituitary lies at an 
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angle, and the posterior portion is seen first. Attention is then diraoted to 
deepening tbe anterior part of the drill hole and exposing the remainder of the 
pitoitarj, which is comparatively large in area, about 2 mm by 4 nun, but 
quite thin. Aa in mammala, the last thin plate of bone should be picked out 
with needle and forceps. The pituitary is surrounded by amuses, and the 
internal carotids are almost embedded in the sides (see de Beer, 1926), so that 
excessive enlargement of the drill hole, especially laterally, leads to serious 
bleeding. The posterior lobe is small, and from the operative approach lies 
under the posterior part of the anterior lobe, fig. G, Plate 16. According to dc 
Beer there is no pars intermedia, and only a very thin pars tuberalis covering 



Fig. 3—Second stage of hypopltysectomy : palate rotrooted laterally and rostrum exposed. 

the stalk. When the last plate of bone is removed at the bottom of the drill 
hole, the pituitary bulges up inside its capsule, fig. 4, which is remarkably tough 
and is best divided by tearing down in the mid-line with a sharp hooked needle. 
The pituitary can then bo removed by a negative pressiure cannula. Usually 
the whole gland comes out in one piece, but sometimes it is necessary to clean 
up fragments adhering to the stalk. Except for the connecting stalk the 
pituitary is entirely cut oil from the brain. The whole of the posterior lobe 
and about one-third of the anterior lobe is covered by the dorsum sellsa, fig. 6, 
Plate 16, and the remainder is separated from the cranial cavity by a tough 
membrane. Even this is not in contact with the brain, as the optic fihiaamft 
is very large and lies right above the anterior part of the sella tnroica. The 
risk of injury to brain tissue during the removal of the pituitary is slight. 
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When the removal is oompleted the dorsum selke should be clearly visible as 
a floor to the posterior half of the cavity. Appreciable bleeding may occur 
when the gland is sucked out, and we have usually plugged the sella turcica 
and drill hole with shredded gut so that the operation can be proceeded with 
immediately. The plug is partially reabsorbed in the course of time and 
appears to have no ill-eSect. Removal of the spring retractor allows the two 
halves of the palate to slip back over the drill hole and the operation is com¬ 
pleted by suturing the incision in the floor of the mouth, removing the cannula 
and closing the tracheal and skin wounds. The well-known resistance of 
birds to infection makes it possible to carry out the whole operation with a 
minimiun of aseptic precautions. 



Fio. 4 —^Third stage of hypophyaeotomy : rostrum drilled and pituitary exposed. 


Ill —Recovery and Effects 

The fowl recovers rapidly from the anresthetic and is walking about and 
eating within an hour. It usually appears to feel no after-efiects from the 
actual manipulation. The skin wounds heal with remarkable rapidity. Some 
few birds have developed mucous obstruction in the glottis, but how far this is an 
effect of the manipulation and how far an effect of the remarkable debility 
which follows the operation is difficult to say. For 12-18 hours the birds 
behave normally, but subsequently severe metabolic disturbances set in and 
iinlflflH temporary replacement therapy is begun iuuuediately the groat majority 
die within 48 hours. Anterior lobe extracts, or to a lesser degree cortin, assist 
the birds through the critical period. Wo are thus satisfied that the mortality 
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following the operatioii is not due to operative shook or other casual factors. 
In birds kept aUve, the changes which mif^t be expected occur in the repro¬ 
ductive tract and secondaiy sexual characters. Thus the testes of the cook 
atoiphy, and the comb regresses in the same way as after castration. The 
ovary and oviduct of the hen also undergo involution. Plumage changes, 
referable to atrophy of the gonads and th3mid, occur in both sexes. These 
effects will be dealt with later. 

IV —Adaptation of Operative Technique to Birds other than Fowls 

We have investigated the possibility of performing a similar operation on 
other birds, particularly bantams, ducks, pigeons and doves, and turkeys. 
With certain slight modifications due to minor difEerences in the morphology 
of the area, the operation can be adapted to these other species and has been 
successfully performed on thorn. 

Bantam —^Exactly the same technique is required for the bantam, except 
that a smaller spring retractor and a No. 10 dental burr are required. 

Duck —^The longer, narrower head of the duck makes the area of 
operation rather more cramped. Further, the trachea comes right up 
between the wings of the hyoid bone and the glottis lies at the base of the tongue, 
which is much larger than in the fowl. In spite of the greater congestion of 
the hyoid region, however, the floor of the mouth can still be retracted to 
expose the soft palate. The glottis, however, is occluded and a tracheotomy 
is essentia] in this species. The soft palate is more deeply deft than in the 
fowl, and is V-shaped in section, so that the rostrum is nearer the surface 
and can be exposed with ease. It is broader and much longer than in the 
fowl. The pituitary is situated slightly further forward in relation to the 
basi-temporai crest than in the fowl, but otherwise there ore no differences in 
the rest of the procedure. 

Pigeon and Dove —The essential topography is much the same as in the fowl. 
The basi-temporal crest is nothing like so prominent, but if the anterior part 
of the cleft in the soft palate is enlarged and the palate spread laterally the 
proper place for drilling the rostrum is reached. The bone is even mote 
honeycombed and is rather thicker than in the fowl, and the pituitary itself 
is relatively larger, but no essential difference in technique is required. The 
smallor size of the head necessitates the use of a much smaller spring retractor 
than is used for the fowl and a No. 8 dental burr is required for drilling. 
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Twrhey —^The topography of the turkey head is also very siinilar to that of 
the fowl, except that the glottis is nearer to the tongue. The operative pro¬ 
cedure is identical, but the site is much more roomy and larger instruments are 
required. A No. 16 dental burr can be handled with ease. 


V —Summary 

1— A technique for transbucoal hypophysectomy of the fowl is described, 
together with the necessary modifications for other birds. 

2— ^H 3 rpophy 8 eotomy in the fowl usually results in death within 48 hours. 
This effect, which can often be avoided by appropriate replacement therapy, 
is apparently due to the severe metabolic disturbance which follows removal 
of the pituitary. 
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DESCRIPTION OF PTJ^TE 
Gauis LeUera 

a,L, anterior lobe of pituitary. 5.1., Iiasi-temporal crest. d.A, site of drill hole for 
hypophyaeotomy. d.a, dorsum selle. o.c., optic chiasma. pA., posterior lobe of 
pituitary, r., rostrum, s.p.p., shredded gut plug. 

Fig. 5—Ventral surfaoe of skull of fowl, lower jaw removed, showing site of drill hole for 
bypoidiyseotomy. 

Fig. 6—Sagittal seotion of sella turcica and surroundinK region in the fowl, x 12. 

Fio. 7- Sec t ion of same region 6 days after hypophysectomy, showing the shiedded got 
with which the drill hole and sella was plugged. In this case a small piece of posterior 
lobe is still present under the dorsum sellae, but no anterior lobe tissue, x 12. 
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[Platis 17 and 18] 

I —ItUrodudion 

BisBonnetto (1932) waa able to induce complete oestrua in three female ferrets 
by evening illumination from October 12 onwards, but similar treatment of 
a male from October 12 to December 22 Failed to carry spermatogenesis beyond 
the spermatocyte stage. Mating, therefore, resnlted only in pseudopregnancy. 
In a second series of animals illuminated from December 7 onwards, spermato- 
geneaia was seoured during February and a litter was bom on April II (Bisson- 
nette, 1933). The normal untreated male, however, usually becomes fertile 
during February (AUanson, 1932) and the first litters of the season may be 
bom early in April, so that Bissonnette cannot be said to have induced fertility 
outside the limits of the normal breeding season. 

Bissonnette’s failure to bring about premature spermatogenesis, though 
involving one animal only, suggested that the male was much more refractory 
than the female, especially since anterior lobe extracts and urine of pregnancy 
extracts readily cause ovulation in the anoestrous ovary (Hill and Farkes, 
1930), while such extracts cause little reaction in the quiescent winter testis. 
It seemed, however, that a combination of additional light and gonad-stimu¬ 
lating extracts might be effective, and the present paper records experiments 
carried out on these lines, as a result of which pregnancy was induced in light- 
treated females well outside the limits of the normal breeding season. 

II —Technique and Material 

Ithmination —^The evening illumination was carried out exactly as described 
in a previous paper (Hill and Farkes, 1933, a). 

Gonad-etinwlatiny Extract —^An extract of urine of pregnancy (U.P. extract, 
B.8), kindly prepared by the British Drug Houses, was iised. This had a 
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rabbit unit (see Hill, Parkes and White, 1934) of about 0*5 mg. It was kept 
as a dry powder and sterilized by heat (see Askew and Parkes, 1933) before 
being made up in sterile saline for injection. 

Histological Technique —This was as usual; the organs were weighed at the 
70% alcohol stage during up-grading. Since three testes and epididymides 
were obtained by unilateral castrations, the weight of organ given is for one 
only, or is the mean weight if the pair were obtained together. The 
ovary weight given is that of the pair. 

Scheme of Experiment —Twelve females (FPL 1-12) were put on to evening 
illumination on October 12. Eleven of these came into oestrus during the next 
three months, 9 being used for the work recorded in this paper and 2 for other 
purposes. Four males (FPL 13-16) were put on light treatment at the same 
time ; two stages were obtained from each of throe of these males by means of 
unilateral castration. Three normal males (FPL lA-20) were kiUed as controls, 
and a further one (FPL 17) was injected with orine of pregnancy extract. 

Ill— Activation of the Female 

The Normal Anmstrom Female —The condition of the reproductive organs 
of the normal female ferret during the winter has been described by Hammond 
and Marshall (1930) and some additional information was given by Hill and 
Parkes (1933, b). Hammond and Marshall describe their earliest full oestrus 
as occurring on March 2. The earliest oestrus in our experience was seen on 
February 20. Major Dunkin informs us that for the three years 1933, 1932 
and 1929, the earliest dates of mating in the large colony maintained at the 
National Institute's Field Laboratories have been February 10, March 9 and 
April 3, respectively, 

ActivaHon by Light —Of the twelve females put on to light from October 12, 
one reacted in 5 weeks, one more within 8 weeks, eight of the remainder within 
3 months, and one more in a little over 3 months. One failed to show the 
vulval swelling even after 5 months. Eight of the females were mated and 
they all ovulated, although the duration of mating was very short in some, 
being as little as 10 minutes in one. There is some evidence that these light- 
treated females were stimulated to supernormal ovarian activity. As shown 
in Table II, six ferrets, pseudopregnant from copulation at light-induced 
citrus, had a total of 80 corpora lutea, an average of over 13 per animal. One 
animal had 20 and another 17. The numbers of corpora lutea in these animals 
are certainly above the average suse of litter (8-9) and probably above the 
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average number of follicles ovulating at one time. The economic possibilities 
of this apparent increase in female fertility, however, are not great, because 
the average litter size in normal ferrets is obviously approaching the maximum 
number of young which could be carried to full term and reared normally. 

IV— Aaiv(Uion of the Male 

The Normal Anteatrous Teslia and Ejndidymia —The ancestrus of the male 
ferret can be divided into two phases (Allanson, 1932); one of almost complete 
inactivity (October-November), and another of gradual preparation for the 
breeding season (Decembor-February). 

In October and November the weight of a single testis is 0-16-0-20 gm, the 
seminiferous tubules measure 75-100 {i in diameter and have a prepubertal 
appearance. There is no active production of spermatocytes, although they 
are found in occasional tubules. In December primary spermatocytes are 
more numerous and arranged in regular rows two or three cells deep around a 
small lumen. The diameter of the tubules has increased slightly to 
120-140 |A. In January spermatid production begins and a few tubules in a 
section show an enlarged lumen surrounded by several rows of spermatids. 
Early in February elongating spermatids are found, and later in the month 
mature spermatozoa are produced. From March to July the weight of one 
testis is 1-25-2-0 gm. 

The intertubular elements of the testis are most reduced during October and 
November; the interstitial cells are small (110-120 sq (ji) and their cytoplasm 
contains few granules and stains faintly with eosin. During the preparation 
for breeding activity the interstitial cells gradually enlarge, their cytoplasm 
becomes more densely granular and stains intensely, and fats and lipoids 
accumulate. The maximum glandular development is reached when ripe 
spermatoEoa are appearing in the seminiferous tubules, i.e., in February, 
although the accumulation of fat continues, so that the cells increase somewhat 
in size until the middle of the breeding season. 

The weight of the epididymis during ancestrus varies up to 0-160 gm, while 
the diameter of the tubule is 80-110 |s. 

Effect of Urine of Pregnancy Extract Alone —^In our experience anterior 
pituitary or urine of pregnancy extracts have consistently failed to activate 
the atrophic testis of the anoestrous or hypophyseotomized male ferret. This 
is shown in the present material by FPL 17 (see Table I), which was given 
6 mg U.P. extract per day from December 20-December 29, and in which the 
testes were actually more atrophic than those of the untreated male killed 
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two days later (FPL 18). The seminiferous tubules in FPL 17 were small and 
a largo proportion contained only spermatogonia and Sertoli cells, but unlike 
the normal tubuloa of this type, there was a large empty lumen, fig. 2, Plate 17, 
The remaining tubules contained fairly numerous spermatocytes, which were 
scattered and irregular. It would appear that the injections had actually 
retarded the development of the testis since it had remained in much the same 
condition as in the depths of anmstrus, and tho empty vacuolated tubules 
gave an added appearance of regression. The interstitial cells showed no 
change from the anoeatrous condition. 

Effect of Light Alone —The left testes of two ferrets (FPL 14 and 15) put on 
light on October 12 were removed on November 28 after 47 days treatment 
They were much larger (see Table I) than normal ones at this time of year. 
The seminiferous tubules were somewhat larger (136-150 (x), but individual 
variation in diameter was greater than in a normal testis. The spermatogenic 
activity also varied much from tubule to tubule, fig, 3, Plate 17. The majority 
of tubules contained numerous primary spermatocytes but a few were lined 
only by a single row of cells, Sertoli nuclei and spermatogonia. Occasional 
tubules, however, were producing spermatids, of which some were beginning 
to elongate. The testis, as a whole, therefore, is comparable to that of 
Bissoimette’s ferret which had 71 days of light treatment. 

The interstitial cells were strikingly different from the normal, having 
enlarged to breeding season size (288-336 sq (i); the compact islands lying 
between the half>developcd seminiferous tubules were therefore much more 
conspicuous than the interstitial tissue in the normal testis at any period of 
the reproductive cycle. This development of the interstitial cells may have 
accounted for some of the increased weight of the organs (0-71 and 0-89 gm) 
which was high for the degree of activity of the seminiferous tubules. The 
observations correspond with those of Bissonuette. 

The epididymis similarly showed advance over the normal histological 
condition, the tube being enlarged (133-145 p) and the epithelial cells appearing 
more active. 

PPL 13 was kept on light without other treatment till January 1, when it 
was killed after 81 days evening illumination, 10 days longer than Bissonnette’s 
first male. During this period it had mated with 3 light-treated females, 
on December 18, 19, 22. Each of these females became pseudopregnant, 
although two of the copulations were very brief. When FPL 13 was killed on 
January 1 it was seen that the testes were large and vascular, and spermatosoa 
were found in a smear from the efndidyinis. Histological examination con- 
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finned this observation. The seminiferouB tubules were in spermatogenio 
activity and the majority contained spermatozoa, fig. 4, Plato 17, but pro¬ 
duction of mature spermatozoa could not have been proceeding for long, since 
they were present in large numbers only in the caput epididymis. This r(>Hult 
agrees with the fact that the mating 10 days earlier was sterile. The islands 
of interstitial cells were less conspicuous than in the left testes of FPL 14 and 
16, owing to the enlargement of the seminiferouH tubules (171 p.) and the 
consequent return to the normal relative proportions of tubular and inter- 
tubular elements, but they were fully developed in size and glandular appear¬ 
ance. The epididymis was more advanced than in FPL 14 and 16, the tube 
measuring 163 p in diameter, and the nou-vibratile threads of the epithelium 
were fully developed. 

Effe(^ of Light and U.P, Extras Combined —Immediately after the left 
castration of FPL 14 and 16 injections of U.P. extract were started, 6 mg per day 
was given for 6 days, the evening illumination being continued, at the end of 
which period the animals were killed (December 4) and the right teates fixed. 
The right testes and epididymides of FPL 14 and 15 showed little advance in 
weight over the left organs examined after 47 days of light alone, but there 
was a definite increase in spermatogenic activity in the seminiferous tubules. 
Approximately half these contained several rows of spermatids which frequently 
were elongating to form spermatozoa, fig. 6, Plate 17. Although few mature 
spermatozoa were found in the testis, a small number had reached the upper 
coils of the epidid}rmal tube in one of the animals, FPL 14. There had been 
no increase in the diameter of the seminiferous tubules, and the interstitial 
ceUs resembled those in the left testes. 

If these results are compared with those recorded in the previous section, 
it is evident that the stimulation of the testis had been expedited by the U.P. 
extract. A third light-treated ferret (FPL 16) was therefore given U.P. 
extract. This animal, which was also put on light on October 12, had sterile 
matings with light-treated females on November 22, and December 4, and 13. 
Beginning on December 18, after 67 days on light, 6 mg was given for 10 days, 
the light treatment being maintained. On December 28, the day after the 
lost injection, the right testis was removed. The weight was up to breeding 
seaeon standard^ and a vigorous suspension of spermatozoa was obtained from 
the epididymis. Histologically, all tubules of the testis were in active spermato¬ 
genesis, fig. 6, Plate 17, and spermatozoa were present in the epididymal tube 
throughout its entire length, and had passed into the upper part of the vas 
deferens. This testis, compared with those of FPL 13, shows that a definite 
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acceleration of Hpermatogencsifl had been produced by the U.P. extract. 
Considering this result in relation to the earlier ones described above, it appears 
that U.P. extract can only affect the apermatogcnic tubules when they have 
reached a certain stage of spermatogenesis, probably when secondary spermato¬ 
cytes have been produced, but not before. On the day following removal of 
the first testis, December 29, the male was mated with FPL 2, a light-treated 
female in full oestrus. Copulation was prolonged to 1 hour 20 minutes, and 
the female became pregnant. 

On January 1 tlie male was mated to another light-treaterl female (FPL 7). 
Copulation lasted 2 hours 10 minutes, and a vigourous suspension of spermatozoa 
was obtained from the vagina. This female also became pregnant. The male 
was taken off light on January 4 and killed on January 16, when the left 
testis was still in full activity. Two more normal controls killed on January 
12 (FPL 19 and 20) were still only showing tiic first signs of breeding season 
activity, fig. 7, Plate 17, and, Table I, and there can be no doubt that the 
induction of spermatogenesis in the four males during December must be 
attributed to tbo experimental treatment. 

V —Course of Pregnancy and Lacialion 

The results described in Section VI were not available at the time and 
as it seemed probable that PPL 2 and 7 would become pregnant following the 
matings described in Section TV, they were kept on evening illumination. 
The vuIvGB subsided normally during the fortnight after mating, and at 3 
weeks feetusea could l>c palpated in both animals. The subsequent course 
of pregnancy was uneventful. A few days before full term the animals were 
given bedding and proper accommodation for littering down. This, of course*, 
reduced the amount of illumination during the evening. FPL 2 had a litter 
of 9 young on February 8 and FPL 7 one of 10 on February 11, the period of 
gestation being 41 days in both and therefore quite normal. FPL 2 suckled 
4 of her litter well until dying of distemper on March 7, by which time the 
young were so advanced that rearing was completed by hand. FPL 7 suckled 
the whole of her litter until developing a mammary abscess on February 
18, which necessitated the removal of the young. The abscess was cleaned 
up fluigioally, and the animal was in heat again 3 weeks later. 

VI —Effect of Terminating Extra lAghl after Owdaiion 

Bissonnette’s results made it evident that the usual paeudopregnont changes 
followed sterile copulation if the light treatment was continued. The work 
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recorded above showed that pregnancy and lactation would develop normally 
under these conditions. It seemed desirable, however, for both theoretical 
and practical reasons to find out whether continuance of evening light was 
essential for the occurrence of the typical post-ovulation changes after mating 
at induced oestrus. 

Three females in induced o^rus were therefore mated and left on evening 
light; three others were mated and taken oil evening light. All the nmtings 
were sterile. The lighted animals were killed at 17, 27 and 38 days p.c., and 
the unlighted ones at 14, 28 and 42 days p.c. The details are shown in Table 11. 
Bxamination of the ovaries showed that the life history of the corpora lutea 
of those receiving extra light p.c. had been essentially normal, the full diameter 
of rather over 2 mm being attained at 4 weeks p.c. In the series receiving no 
extra light p.c. the corpora lutea were fully up to normal size at 2 and 4 weeks. 
At 6 weeks (FPL 4) the average size of the 17 corpora lutea in the two ovaries 
was 1 * 24 mm. Hammond and Marshall's figures for the largest corpus luteum 
at 5^, 6 and 7 weeks pseudopregnant are 1-65,1 *98 and 1*11 mm, respectively, 
and 1*33 mm at 6 weeks p.c., just after parturition. These figures obviously 
indicate a wide range of variation, and in view of this the corpora lutea of 
FPL 4, though small, cannot be considered abnormal. 


Table II 




Dayk 




Average 

No. of ferret 

Date mated 

on 

light 

at 

Subsequent 

treatment 

Days 

kiUed 

p.c. 

No. of 

corpora 

Lutea 

diameter 

corpuH 

luteum 



mating 



(mm) 

FPL 9 

. l>eccmber 13 

02 

Continued light p.e. 

17 

10 

209 

FPL .5 . 

Deoembor 19 

08 

p» 

27 

10 

214 

FPL 3 . . 

November 22 

41 

f f 

38 

11 

1-83 

FPL 8 . . 

December 22 

71 

No extra light p.c. 

J4 

12 

207 

FPL 11 

J^ficember 18 

07 

■t 

28 

20 

2-19 

FPL 4 . 

December 4 

03 

f 9 

42 

17 

1 24 


Histologioal examination of the uteri pointed to the same conclusions. At 
4 weeks p.c. the typical pseudopregnant proliferation in the uterus was well 
developed in both series, showing that the corpora lutea wore both physiologically 
and morphologically normal in the absence of extra light p.c. The uterus of 
FPL 3, 38 days p.c., had obviously been very well developed, but regression 
was just setting in. FPL 4, 42 days p.c. without extra light, was far regressed 
from the pseudopregnant condition, a finding in keeping with the small size 
of the corpora lutea. The reproductive organs of this animal, however, cannot 
be considered outside the range of variation found normally at the end of 
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pseudopregnancy. The mammary glands for both series showed the usoal 
pseudopregnant condition. On the evidence of these six animals, therefore, 
it may be concluded that once the pituitary body has been stimulated by 
additional Ught, normal pseudopregnanoy will follow ovulation without further 
treatment. In this connection, it may be noted that one light-treated female 
in fuU oestrus on January 16, was taken oS extra light for 6 weeks without any 
change in the vulval swelling. Evidently, the pituitary remains activated for 
some time after the withdrawal of the stimulus of additional light. 



Fio. 1—8jze of oojpora liitva >«rJth and without extra light post-ooitum. - - - - with extra 
light; -without extra light. 


VII —Discussion 

The experiments described above add little to our existing knowledge of 
the induction of oestrus by extra light in the quiescent female ferret, except to 
emphasize the individual variation in the length of the latent period and to 
suggest that an unusually large number of ripe follicles may be found at light- 
induced oestrus. Further results have been obtained, however, with the 
quiescent male. Full spermatogenesis was caused by extra light in 11| weeks, 
and there can be little doubt that if Bissonnette had left his male on light 
another 2 weeks he would have attained the same result. The stimulating 
action of light was much augmented by administration of U.P. extract, the 
production of spermatozoa having started in one such dually treated animal 
in the first week of December. It seems probable that the breeding season of 
ferrets may now be greatly extended. 
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With a gestation period of 0 weeks, an essential lactating period of at least 
6 weeks, and a pro-oestrus of 2-3 weeks, the minimum time for a complete 
cjde is nearly 4 months, so that the rearing of three litters per year is about the 
most that can be hoped for from a single female. This should be quite 
practicable. 

Since ferrets normally cease to breed early in August when there is still 
17-18 hours* daylight, it is not clear how they could be kept in breeding con¬ 
dition during August and September. On the other hand, females getting 
pregnant in July or early in August carry and sucklo their young quite normally, 
although the latter are not ready for weaning till the end of October. Such 
females could be brought into cestrus again and mated by the end of the year. 
Their first litter of the season would therefore bo born in the middle of February 
and weaned early in April. By the end of April they would be in oestrus and 
pregnant again, the second litter being bom early in June and weaned towards 
the end of July. This would enable them to come into oestrus again naturally 
just before the end of the normal breeding season. On this scheme, males put 
on to light at the beginning of October, would be fertile and ready for mating 
at the end of the year, and IJ.r. extract treatment would be unnecessary—a 
practical convenience for the breeder. On the other hand, females which 
failed to get pregnant again at the end of the normal breeding season could be 
put on light towards the end of September, brought into cestrus during 
November and mated with males given U.P. preparations after 6 weeks light. 
The same technique should be possible with young females bom early in the 
year. The only possible pitfall is that starting the breeding season early may 
have the effect of reducing it at the other end, but there seems no reason why 
this should happen. Certainly a healthy, well-fed ferret ought to be able to 
stand the strain of having three litters per year. 

Note added in proof June 29, 1934—Dr, T. H. Bissonnette has very kindly 
informed us in a private communication that he also obtained B})cnnato- 
genesis in ferrets by light treatment during the 1933-4 ancestrus. 

We are indebted to Major G. W. Donkin for information as to the normal 
breeding season of ferrets. 


VIII—Summary 

1 —Twelve female fetiets were put on to evening illumination on October 12. 
One came into cestnu in November, 8 in December, and 2 in January. One 
failed to show vulval development even after 5 months. 
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2— Four males were put on light at the same time . Two of these were left¬ 
oastrated on November 28, after 47 days on light. Immediately afterwards 
they were given 10 rabbit units of urine of pregnanoy extract for 6 days and 
then killed. The left testes contained no later stages of spermatogenesiB 
than spermatids, but the right testes, under the influence of the U.P. extract, 
had j ust begun to produce spermatozoa, of which a few were found in the epididy¬ 
mis. A third light-treated male was given 10 units U.P. extract from December 
18-27, at the end of which time it was fully functional and was producing masses 
of spermatozoa. On December 29 and January 1 it mated with light-treated 
females. The fourth light-treated male was killed on January 1 after 81 
days light, and was foimd to be producing large numbers of spermatozoa. 

3— It is concluded that prolonged light-treatment will activate the quiescent 
male ferret, but that the later stages of the process can be accelerated by 
administration of U.P. extract. The latter by itself has no stimulating effect 
on the quiescent testis. 

4— ^The two females mated with the fertile male on December 29 and January 
1 had normal pregnancies and litters of 9 and 10 respectively on February 8 
and 11. 

8—Experiments on pseudopregnant light-treated females showed that the 
post-ovulation changes take place normally even if the evening light is dis- 
eontinued after ovulation. 
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DSSCRIPTION OF PLATES 

LeMera—spermatogonium. 3PC, spermatooyte. SPT^ spermatid. SSPt 
elongating spermatid, 8PZ, spermatosos, 7(7, interstitial cell. 

Plats 17. 

Fio. 2—TDsiis of FPL 17 obtained Deoember 30 after leoeivlng 10 units 17,P. eztraot per 
day for 10 days. Testis vary atroidilo. x 144. 
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Fig. 3—Testu of FPL 15, obtained on November 28 after 47 days evening light. Develop* 
ment to spermatid stage, x 144. 

Fzo. 4—Testis of FPL 18, obtained January 1 after 81 days evening light. Active pro¬ 
duction of spermatosoa. X 144. 

Fig. 6—Right toetis of FPL 14, obtained on December 4 after 47 days evening light, and 
6 days evening light plus 10 units per day U.P. extract. Development to immature 
spermatoBoa stage. X 144. 

Fig. 6—Right epididymis of FPL 10, after 67 days evening Ughi plus 10 days evening 
light and administration of U.P. extract. Masses of spennatoEoa present, x 144. 

Fig. 7—Testis of FPL 30, obtained on January 12, normal untreated animal. Develop¬ 
ment to secondary spermatocyte stage only, x 144. 

Pi^Tg 18 

Fig. 8—Ovary of FPL 11, 28 days p.o., no extra light p.o. Corpora Jutea vory numerous 
and fully developed. X 12. 

Fro. 0—Uterus of FPL 5, 27 days p.o., evening illumination p.o. Normal pseudoprognant 
oondition. X 13. 

Fig. 10—Uterus of FPL 11, 28 days p.o«, no extra light p.o. Normal pseudoprognant 
oondition. X 13. 

Fig. 11—Higher magnification of part of endometrium shown in fig. 0, X 200. 
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597 • 58 • Pseudapocryptes 

The Habila and Structure of Pseudapocryptes lanceolatus, a fish in 
the First Steves of Structural Adaj^ion to Aerud Respiration 

By B. K. Dab, D.Sg., Professor of Biology in the Osmania University, 

Hyderabad, India 

(Revised and abridged by E. W. MaoBride, F.R.8.—Received April 19, 1934) 

[Platks 19 and 20] 

/n/fodtic(ton 

Two short accounts of the habits of Psettdapocryptea hnceolalus wore com¬ 
municated by me to the Indian Science Congress and were published in the 
Proceedings of the Congress, Das (1930), Das (1932). 

There are 11 Indian genera of the family Gobiidee which include 89 species. 
The genus Pseudapocryptes has been reported &om the coasts of India, Burma, 
the Andaman Islands, and the Malay archipelago. The specimens of Pseudor 
pocryptes lanceolatiis studied were obtained from tlie estuary of the (]kmges, 
chietly from Port Canning and Diamond Harbour, not for from Calcutta. 
The fish is often brought to the (^Icutta market and is especially abundant 
during the months of October and November. 

Structure 

The fish, fig. 1, Plate 19, is eol-like, cylindrical, about 16-2 cm in length and 
5-6 cm in girth. It is covered with small cycloid stjsles (1 • 1 mm X 0-7 mm) 
and it is very slippery because many of the ectoderm cells are glandular. It 
burrows in the mud in search of its prey, but when the pools in which it lives 
dry up, it buries itself in the w'et mud beneath the superficial dried-up crust 
and thus avoids desiccation. 

The pcctozal fins are u-ell developed; the pelvic fins are thoracic in position and 
are united to form a sucking disc in the manner typical of the Gobiidso, fig. 1, B, 
Plate 19, and fig, 2, A, vd. As usual there are on each side four gill arches, 
each bearing two series of gill-filaments; the fourth gill is the shortest. In 
the first gill the outer row of gill filaments is only two-thirds as long os the 
inner row. Each primary filament is subdivided into a number of small 
leaf-like secondary filaments. Such a subdivision of the filaments has been 
observed by me in several species of Siluroid and Cyprinoid fish, but not so 
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developed as in Pseudapooryples. In Oobius gittris a typical water-breathing 
Gobiid, Becondaiy subdivision of the gill filaments also occurs, but it is not 
strongly developed, and about one-fifth of the distal portion of each filament 
remains undivided. The opening of the opercular cavity of this fish is quite 
large and it lives for some time after being removed from water. In a small 
mullet {MugU cascasia) which I have studied, the subdivision of the gill filaments 
also occurs. This fish habitually lives in clear water, but it occasionally makes 
excursions into muddy localities. It does not survive, however, for more than 
5 or 10 minutes after being taken out of water. 



A BO 


Fig. 2—A ventral, B dorsal views of the front part of PtieudapocrypUs, } sire. G(foroom- 
parison) dorsal view of the front part of Amphiptums, ^ size. 01, op., glandular rim 
of operoulum. Op. c4., opercular chamber. P./., pectoral fin. PA./., pharyngeal 
lung of Amphipnoas. Yd., ventral disc. 

The opercular opening of PBeudafocfgptes, fig. 2, A, gl. op., is a narrow 
vertical slit about 8 mm in length, situated inunediatoly in front of the base 
of the pectoral fin. The opercular chamber is sao-like, almost globular, aud 
the opercular bones ore thin and clastic; the branchiostcgal membrane is 
supported by four elastic rays. The edge of membrane (i.e., tho rim of the 
opening} is thick and fleshy and it is covered by a thick epithelium including 
a large number of mucous cells. The secretion of these cells glues the oper¬ 
cular rim closely to the aide of the body, when tho fish protrudes its head 
from the water and begins to breathe air. The opercular chamber is thus 
converted into a lung; the proper air-bladdor of this species, as of all Gobiide, 
is pbysoolistouB. Parasitic copepods are very abundant, adhering to the 
membrane of the buccal cavity, the gill arches and the gill filaments. 

The inner wall of the opercular chamber is richly vascular and is innervated 
by the hyomaudibular branch of the 7th nerve. The lining of the buccal 
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cavity ie also richly vascular. In two groups of air breathing fish which I have 
described (Das, 1927), the Ophiocephalidoand theSymbranchids(ilnipAfpnotw), 
this vascularity of the opercular and buccal chambers is also to be seen, but 
in the other air-breathing types described by me, t.e., Awbas^ C2anas, and 
Sacoobranc&tw, the rich vasoulaiity is confined to the special air-breathing 
organs found in these fish. On the other hand, in some small siluroid fish (of. 
Maorones oavasius and ilf. vtUatus) which are denisens of muddy water, a 
slight increase in the vascularity of buccal and opercular cavities can be 
observed. As these fish can survive an exposure to air of several hours, quite 
probably this vascularity is an indication of the beginning of an air-breathing 
habit. [The ordinary blenny {Blennius phdu) which is a denizen of the rook 
pools on the Britioh coast can also survive for several hours out of water, 
—E. W. M.J 

Under normal conditions Pseudapocrypies comes to the surface at intervals 
to swallow air ; the length of these intervals varies from 1 minute to 10 minutes 
acGoyding to the temperature and oxygen content of the water. When confined 
in on aquarium with impure water the fish rise at once to the surface protruding 
the front half of the body, as far as the pectoral fins, into the air, and they look 
like large tadpoles as they jostle one another in their efforts to attain the 
surface. In fact, one-third of the body (2 inches) may be protruded, fig. 3, 
Plate 19. The opercular chambers which are kept firmly closed by the pres¬ 
sure of their rims against the body swell out like little balloons. The closure 
of the opercular cavities is made more secure by the pressure against the margins 
of the fleshy bases of the pectoral fins. When in this condition the fish are 
supported by the outspread pectoral fins and float passively at the surface 
of the water, with their snouts protruding, fig. 4, Plate 20. After an interval 
of about 2 minutes they sink and then the air is expelled chiefly through the 
mouth, but occasionally a few bubbles are emittod from beneath the opercular 
rim which is slightly raised. The air is expelled by contractions of the muscles 
surrounding the operculum; the contractions cause a sharp clicking sound aa 
the fish sinks. 

When under the water ^ fish carries on ordinary branchial respiration,, 
making 60 to 80 breathing movements per minute under normal conditions,, 
fig. 6, Plate 19. They sometimes cling to the side of the receptacle in which 
they are placed using for this purpose the ventral sucking disc composed of 
the pelvic fins. 

When out of water under normal conditions they can progress over land 
using for this pu^se the spiead-out pectoral fins, which are employed alter- 
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nately as sculls. The tail which is pressed a^^inst the ground by its lateral 
movements also aids in the process. They can even leap by flicks of the tail 
covering as much as 2 feet at a time. As they live in the tidal reaches of 
streams they are frequently left high and dry by the obb-tide, and then they 
progress over the wet sand and mud, so as to reach the water in time to avoid 
being dried up. As observations on their behaviour in aquaria show, they 
can and do occasionally use their pectoral fins under water as they do on land, 
viz., to enable them to creep over tlie bottom. 



Pw. 6—^The afloivnt branchial lystem of Pseudapocryptes lanc^clatua, Af, hr. 1, Af. hr. 2, 
Af. hr. 3, Af. hr. 4, the flist, secoad, third, and fourth afferent branohisl arteiies. Af. of., 
aflmnt offshoot from branchial systein (i.e.. bnoco-oporoular artery). An. v., annect¬ 
ent vessel joining the second afferent branchial and the bucoo-operoular artery. B. ^ r., 
btilbua arterioTus of the heart. Buc. ar., biiooal artery. Buc. cap., buccal oapillarks. 
Op, or,, operoular artery. 


Quite a considerable number of shore fish which exhibit no detectable 
modifications of structure adapted for air-breathing can live out of the water 
for a considerable time. Such are Affonm (the armed bull-head), and ilnnar- 
Aioos (the wolf fish). Among fresh water fish the South American Siluroids 
Doras and Callidhys may be mentioned. PerioptAalmas, the mud-skipper, 
which was formerly believed to respire through the skin of its tail, has pharyngeal 
poaches with a rich vascular lining similar to the pouches of Pseudapocryptes, 
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The Vasoular System 

Aa there are four gills so there are four afferent branohial arteries arising 
from the ventral aorta. The 3rd and 4th come off from a common stem and 
the 4th is much the smallest in correspondence with the reduced size of the 
gill which it supplies. From the first afferent vessel about a third of its length 
above its origin from the ventral aorta a very large artery is given off which 1 
propose to call the bucco-opereular artery. It divides into two branches: one, 
the buccal, supplying the lining of the buccal cavity, and the other the oper¬ 
cular, the lining of the operculum. The opercular artery runs over the dorsal 
wall of the operculum and gives off six descending branches which again 
branch and anastomose with one another forming a network oovwing the inner 
surface of the opercular cavity. It is to be noted that whilst the bucco- 
opercular artery arises from the first afferent branchial artery, it also receives 
a small branch from the second afioent artery. The air chambers of the 
OphiooephalidsB are also supplied by arteries arising from the first two afferent 
branohial arteries (Lele, 1932). 

The blood is collected from the wall of the opercular cavity by a set of 
six or seven veins running upward parallel to, and alongside, the descending 
arteries. These veins unite in the dorsal angle of the opercular cavity to form 
a main opercular vein which enters the jugular ($.«., the anterior cardinal) 
vein of the fish and thus reaches the heart. The anterior nArHinAl yein thus 
delivers mixed blood to the heart (as does the brachial vein in the frogwhioh has 
a cutaneous feeder returning oxygenated blood from the skin). The blood 
which is purified in the gills is, as is normal, returned by four efferent arteries. 
The two first unite to form an anterior suprabtanchial and the two hinder ones 
form a posterior suprabtanchial, and these two supiabranohials on each side 
unite to form the dorsal aorta. 

The jugular (anterior cardinal vein) also carries mixed blood in the air- 
breathing fish Ophiocephalus Anabas and Amp/nptwus. 

Physielogioal Experiments 

Yiom a large number of experiments conducted during the months of April, 
May, and June, a few typical examples noay be selected and their results 
briefly given. 

(a) Experiment designed to test the necessity of access to air under normal 
conditions. 
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Fishes kept in ordinary tanlr water as already noted come to the aurfitoe at 
intervals of ftom 2 to 10 minutes in order to obtain air. Whilst under water 



Flo. T^Efferent bnnohial system of Paeudapoeryptes lanceolatus, 31, r., smali blood 
reservoir. C. am. oaidllaries on the anterior part of the bnooal oavity. Cor. or., 
oarotid artery. Circ, eepk,, oiroulus cephalions. Col, mes., ooelisoo-mesenterio 
artery. D, ao,, donal aorta. Sp, or,, small orteriefi supplying the epibianohlal 
regions of the Ist, 2nd, and 3rd gill arches. Ep, or., similar artery supplying the epi- 
branohial region of 4th aroh, Kp, 6r. 1, Ep, hr. 2, Sp, hr. 3, Ep. hr. 4, the first, second, 
third, and fourth epibranchial arteries. Ex. car., external carotid artery. Ini. ear., 
internal carotid artery. Oes. a„ oesophageal artery. Feet, a,, arteiy to pectoral gill. 
Pdv, a., artery to pelvic fin. Pk. p/., arteiy to the posterior part of the floor of the 
pharynx. 3. mea., small arteries to the posterior part of the roof of the pharynx. 
Sub, o., Bubolavlan artery. Sup. or., supraphaiyngsal arteries, 

their hranohial reffpiratory movements average from 60 to 80 per minute. 
When, however, such a fish is placed in a jar of tank water at the ordinary 
temperature and is prevented &om reaching the surGaoe by the interposition 
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of s perforated ^ino plate Bimk a few inches in the water, then it at Sxst rises 
.about every 6 minutes and dashes its snout against the plate in the endeavour 
to reach the air. When it has failed to do so a number of times, it becomes 
much excited, dashing to the surface at least once a minute; meanwhile 
branchial respiration under the water becomes much accelerated, the move¬ 
ments sometimes reaching 150 per minute. Complete asphyxiation and 
death transpired in 15 to 20 hours. It will be recollected (Das, 1927) that the 
complete asphyxiation of Anabas under similar circumstances was accomplished 



Fro. 0—The graphs showing change in branchial respiratory rooTementa with time, in 
three specimens of Pseudapoerf^ptea during asphyxiation by exolunon from aooese to 
atr. 


in 36-40 minutes; and therefore the need of Anabtu for aerial respiration is 
much greater than that of Pseudapooryptea. 

(b) Experiments to show the necessity of intact operoulai chambers for 
air breathing. 

'When specimens of Pseudapocryples are removed from the water entirely 
and left on the marble floor of the tank room they die from desiccation in 
times varying from 40 minutes to 2 hours. But until they become com¬ 
pletely exhausted they continue rapid air breathing. Hie opercular chambers 
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may be seen to swell out and collapse at intervals voTTing from 5 seconds to 
2 minutes. 

When one operculum is removed the fish endeavours still to swallow air 
and the intact opercular chamber carries out respiratory pulsations. These 
pulsations ceased in 60-60 minutes and all trace of body movement stopped^ 
death ensuing in one fish in 1 hour and 8 minutes; in another fish in 1 hour 
and 40 minutes. 

When both opercula ore removed the fish continues gasping movements and 
air escapes through the gill slits. Death ensued in 1 hour and 30 minutes. 

A control fish with uninjured opercula lived for 3 hours. 

In conclusion, 1 wish to express my thanks to my former teacher, Professor 
£. W. MacBride, for revising and condensing the original MSS of this paper 
and communicating it to the Society for publication. I have to thank also 
my friend Mr. K. Norman, Keeper of Fish in the British Museum, for checking 
the specific names used in tlie paper. My thanks are also due to my friends 
Messrs. T. N. Fodder, B.Sc., G. K. Chakravorty, M.Sc., H. P, Roy, M.Sc,, 
and 0. M. Das, M.Sc., for help in carrying out the physiological experiments. 

Summary and Condimona 

The facts adduced in this paper justify the conclusion that aerial respiration 
at inter\'alH depending on the temperature is a physiological necessity to 
Pneuda^poeryptes !anceo{a/us in the conditions under which it lives. It is also 
clear that the air is absorbed mainly by the lining of the opercular chamber and 
that this chamber is adapted to this function by a rich vascular supply and by 
the thinness and elasticity of the opercular bones. Further, there is an 
adaptation which enables the operculum temporarily to be completely closed. 
It has long been known that fish belonging to the families Cypriuoidea and 
Siluroidea which show no structural adaptations to air breathing will never¬ 
theless come to the surface and swallow air when the oxygen tension in the 
waters in which they live is low. [In England the stickleback OastemAeui 
has been observed leading a healthy life in water so polluted with sewage that 
it contained no oxygen whatever. Under these circumstances the fish must 
have depended entirely on aerial respiration.—E. W. M.] 

This casual resort to air has been termed ** Notatmung." PseudapocrypUi 
therefore stands midway between fish such as these and more specialized 
air breathers like Anabaa and Clarias where definite respiratory organs are 
developed as outgrowths &om the gill-arches and project into the opercular 
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cavity. In these the rich vaaoukrsapply is confined to the ipeoialicedorgaiii. 
The Opkiocephaiida are in an intermediate condition between Pteudapoeryptei 
and Arabat. In them the inhaled air is received into dorsal pockets of the 
pharynx. But not only these pockets bnt also the whole dorsal wall of the 
pharynx has a rich vascular supply and doubtless respiiatoiy activily is 
shared by the whole dorsal wall of the pharynx. 

The study of air breathing fishes gives the clearest proof that in evolu¬ 
tion, function changes first and modified structure follows long after, when 
changed function has lasted long and become deeply ingrained in the con¬ 
stitution. 


REFERENCES 

Dm. B. IL (1027). * Phil. Tmns./ toI. 216 , p. 183. (In this pftper a fall aooount of 
Mflier work dealing with this lubjeot Is given.) 

-(1080). * Proo. Ind. Sol. Gong. Allahabad.’ 

-(1932). * Proo. Ind. Sol. Gong. Bangalore.* 

Lelo, S. H. (1032). * J. linn. Soo. (Zool.),’ vol. 86, p. 49. 

DESCRIPTION OF PLATES 10 and 20 

Vto. 1—^A, lateral; B, ventral; G, dorsal views of PmidapocrypUa laneeoiattu. About 
two-thirds natural sise. QL op„ glandular opercular rim. Vd,, ventral (t.e., pelvio) 
fins. 

Fea. 8-"Behavioiir of a group of PmidapocrifpUs kept in a bucket with foul water. The 
fish an all rising to the surface and inhaling air. Two of them by the aid of their 
ventral discs and pectoral fins have succeeded in protruding their bodies 2 inches 
from the water. 

Vjq, 4 —Behaviour of Pmtd/o^pocFypks after having inhaled air (about one-thiid natural 
sue). The fish are seen with swollen opercular ohambers hanging vertically from 
the larfiuw of the water. 

Ito. 6—A number of Pm»dapoorypU9 resting on the bottom of the tank after having 
exhaled the air which they had swailowed. 

Fto, 8—Iniwr aspect of the right operculum of P$eudapooryfk$ lameebtaihu showing the 
vascular supply (Blooh and Schneider). C^., attachment of openralom to skull, out 
across. Op, opercular vein. Op, a., opercular artery. Op. r„ operonlar fleshy 
rim. 
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T 

Mongolian imbeciles are very often born last in a long family. This fact, 
which was pointed out many years ago by Shuttleworth (1909), has led clinicians 
to believe that mongolism is to some extent a product of the exhaustion of 
maternal reproductive powers due to frequent child-bearing (Still, 1927 ; 
Fantham, 1925). The conclusion is widely accepted with the reservation that 
the affected child is not necessarily born at the end of the family (Thompson, 
1925). Several cases are first-bom, in fact, and it is sometimes stated that the 
condition occurs more frequently in first and last children than in other ordinal 
positions. There is, however, ample evidence that mongolian imbeciles have 
a significantly later birth rank than normal children (Hogben, 1931). 

It is also established, from large numbers of figures which have been collected, 
that the maternal age at the birth of mongolian imbeciles is unduly high. 
Though some of these imbeciles have young mothers, most of the cases (about 
70%) are bom after the mother has reached the ago of 35 years. Thus the 
maternal age itself is likely to be an aetiological factor quite as important as 
birth order. I know of no serious attempt, however, to distinguish between 
the aetiological significance of these two factors: to do this is the task I have 
undertaken. 

In an article published recently (Penrose, 1933) I have attempted to show 
how statistical methods may be used to disentangle the probable aetiological 
effects of paternal and maternal age in mongolism. The results indicated 
clearly that paternal age need not be considered a significant causal factor; 
we shall therefore not refer to it in the present discussion. 

There is another factor which has been asserted by some writers to be of 
causal significance. The interval between the birth of a mongolian imbecile 
and the birth of the child which immediately precedes it is found, on the average, 
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to be ftignificantlv longer than the corresponding interval preceding normal 
births (van der Soheer, 1927); that is, the mongol apparently follows a period 
of diminished fecundity (Jenkins, 1933). This question of length of preceding 
interval is intimately bound up with the main question 1 am considering here 
and it will be referred to in the course of the discussion. 

The investigation of the facts, on which the present argument is based, was 
carried out as part of the work of thf^ research department of the Royal 
Eastern Counties’ Institution. It involved the accurate determination of the 
maternal ago at the birth of all offspring in 217 sibships each containing one 
or more mongolian imbeciles. The birth order was also recorded with particular 
care : miscarriages and stillbirths were deemed to affect the ordinal number 
of subsequent births, but they have been excluded from th(> data as presented 
here. It is very uncertain wliether they represented offspring affected or not 
with mongolism and I wishtKl to include in the data only those individuals in 
the 217 sibships of whom it could be said with certainty that they were either 
mongolian imbeciles or normal. The sibships, giving the birth rank and 
maternal age for each known individual, are set out at the end of the paper, 
and a summary is given in Table I. Altogether these particulars concenung 
1031 persons, 807 normal children and 224 mongolian imbeciles, are recorded. 
A glance at the distribution is sufficient to show that there is good reason for 
supposing that both the birth ranks and the maternal ages are significantly 
higher for affected than for normal children. About 60% of the affected 
children arc born last and the great majority of the families arc completed. 
We will proceed to investigate how far this displacement of affected offspring 
towards the end of the sibship can be attributed to the late maternal ages at 
which affected offspring arc most frequently born, 

II 


The following constants were calculated from the distribution given in 


Table I. 

Number 

Mean maternal age 
at birth (^) 

Standard deviation (og) 

Affected ohUdren (M) . 

224 

yean 

37-41fi 

yean 

Normal ohildren (N) . 

807 

31*312 

— 

Total children (T) . 

1031 

32-638 

6-77S 


The mothers are, on the average, more than 6 years older at the births of 
the affected than at the births of the normal individuals. This is a highly 
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■ignificant difierence, for it is more than 10 times the standard error, which is 
o,. VT/MN or 0*61 years. 

The following results are obtained, by making similar calculations, for birth 
order. 

Number Mean birth rank* (/) Standard deviation (v/) 

Affected children (M). 224 5 65 — 

Normal ohildron (N) . . 807 4*01 — 

Total ohi]dien(T) . 1031 4*83 3*34 

* The concept of mean birth rank (mean ordinal poiution) U a itatiatical fiction naeful in thia 
problem ; it involvce wing imaginary units—^fiaotiona of a place or rank—'which have no mean- 
except in averagea. The averagoa given here are tberefbee dmply ihorthand description 
of oomplicated distributions. 

The difEerence between the mean birth rankn of afEected and normal cbildren 
is 1-04 with a standard error (o/. Vx/MN) amounting to 0-25. There is 
a significant discrepancy, but it is not so marked as in the case of maternal 
age. 

In considering the question of birth order, we have not yet allowed for the 
effect brought about by the presence in the data of families of varying sizes. 
If human families were all of uniform size the expected mean birth rank, in 
any group of selected individuals distributed at random in respect of position^ 
would be obtained by the ordinary methods of averaging. But human 
families vary in size firom 1 to 20 or more pregnancies resulting from the some 
union. When families are selected, as they are here, by the presence of at 
least one affected member, the proportion of affected to normal children is 
greater in the small families than in the large. When the families in data 
such as these are pooled, the concentration of affected individuals in short 
sibships with low birth ranks causes the moan birth rank of affected children 
to be relatively nearer to the beginning of the family than it would be if we 
were dealing with a representative sample of the general population. Neglect¬ 
ing to take this consideration into aoooimt has led Fectrson (1907), for example, 
to assert that the first-bom are more likely than children occupying the later 
birth ranks to be affected by certain diseases, e.g., tuberculosis. Yule and 
Greenwood (1914) have criticized Pearson’s conclusion and it is now generally 
accepted that, in estimating the probable number of affected children in each 
birth rank, the varying sizes of the families must be taken into consideration 
and accordingly weighted in the inverse ratio of their sizes. If more than one 
individual is affected in the same aibahip, it is necessary to count the sibship 
once over for each affected member; that is to say, the sibships must be 
weighted directly according to the number of affected individuals they 
contain. 
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The aimple method, sometimes knovm as the Yule-Qreenwood reoonBtruotion 
(Thurstone and Jenkins, 1931), hj means of which a good approxiination is 
obtained to the expected number of affected children in each birth rank 
(Hogben, 1931) is not suitable to the present data owing to the gaps left for 
siblings of unknown type. It is neoessary to modify the method so that we 
may treat each sibship separately. 

Let 8 be the number of known individuals recorded in the sibship and let a 
be the number of affected individuals in this sibship. The expected number of 
affected individuals in each birth rank, if they are distributed at random, is 
a/«. In each sibship only those ordinal positions already occupied are to 
have expectations attributed to them. In this way a table of expectations 
has been made out whose precision is equivalent to the accuracy of the original 
data. Examples of the expectations attributed by this method to various 
ordinal positions in different sibships are shown below:— 


Serial number 
of sibship 

Ist 

2nd 

3id 

Older of birth 
4th 

6th 

6th 

7th 

. 123 

0-200 

0-200 

0*200 

0-200 

,— 

0-200 

— 

4 

_ 

-— 

— 

_ 

,— 

— 

1-000 

102 

0 157 

— 

0*167 

0*157 

0-167 

0-333 

— 

108 

— 

— 

0*.500 

0-500 

0*600 

0*600 

— 


Sibship No. 123 shows how gaps ore left for unknown individuals (mis- 
carriages, etc.). 

In sibship No, 4 the mother had other children by different fathers; the 
half-sibs are purposely not recorded here. 

In sibship No. 102 twins occur; two individuals occupy the same birth 
rank (the 6th) and the expectation at this place is consequently doubled. 

In sibship No. 198 there are two affected persons, hence the total expectation 
is 2 ; the sibship is, in fact, counted twice over, once for each affected member. 

The sum of the columns of expectation in each ordinal place gave, for the 
whole 217 families, the values shown in Table II; they are compared with the 
observed numbers of mongols. 

These expectations, Table II, ore the probable numbers of affected individuals 
in the 217 sibships, if the 224 affected children were distributed at random in 
respect of birth rank. 

The mean ordinal place in family (cm) of affected individuals, if thus dis¬ 
tributed at rand<Hn, is now estimated horn the expected numbers by the usual 
process of averaging. Thus, 


(1 X 44-99) + (2 X 48>40) + (3 X 38>()9) + ... 
224 


= 4*10 ordinal places. 
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Table 11 


Rftnk 

Expootod nnmber 
ftffectod (cm) 

Oberved number 
affected (/u) 

Ut 

44-99 

26 

2nd 

43*40 

27 

Sid 

33-09 

28 

4th 

24-46 

23 

Ath 

18-63 

13 

eth 

16-15 

23 

7th 

13-32 

20 

8th 

9-65 

19 

eth 

6-47 

13 

loth 

4-91 

9 

11th 

210 

5 

mh 

2 45 

2 

13th 

2-56 

6 

14th 

1-60 

4 

15th 

0-76 

4 

Ittth 

0-17 

0 

17th 

0-.30 

2 


Tbe expected number of normal individuala in each birth rank is obtained 
by subtracting the numerical values given above from the totals (1) in each 
place, thus:— 

Order (if birth t eu 

iHt ]r4 - 44-90 109-01 

2nd 157 - 43-40 - il3 €0 

cU’. 

The correepouding mean value for expected positiona of normals is found 
to be 5'04. 

The difEerencea between the observed mean values (f^ and f^) and these 
expected mean values (en and e^) indicate the real average displacements of 
^he moDgolian imbeciles and normals. The* displacements and 

fs “ greater than the corresponding differences of and from the 

mean value f which have abcady been given above. Incidentally, if all 
the sibships had been of the same size, each containing the same 
number of affected children, and would have both been equal to/. In 
the present instance tbe total difference between the mean birth ranks of 
affected and normal cliildren is really greater than it at first sight appeared to 
be ; it is increased by the reconstruction to 1-98, i.e., —/ft) — (^m “ 

This displacement is now more than seven times the standard error, 0-26. 
The effect of birth rank on the incidence of mongolism is therefore apparently 
of great significance, though it is not quite as marked as the maternal age effeot. 

Ill 

We are now in a position to calculate the expected number of affected 
children occupying each birth rank on the assumption that we only know the 
maternal ages for these individuals and not the orders of their births. It is 
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necessary first to calculate for any given rank the size of the deviation from 
M/T (the average proportion affected) which can be attributed to the effect of 
the matomal ages corresponding to the affected children in the given rank. 

We turn our attention to the first bom and we find, from Table I, that the 
mean maternal age for first-born children (g|) is 26-071 years. 

In order to find the moat probable proportion of afiected to total first-born 
children, based on the knowledge of this mean maternal age, we use a regression 
which can be obtained from the distribution of affected and normal (M and N) 
given in the upright columns on the extreme right in Table T. The most 
probable deviation at any given maternal age, from (M/T) or 224/1031. 
the mean proportion affected, is given by multiplying 9 — ? by 6 , where 



The correlation r^ is a simple biserial, 

f... = and «i„ = vMN/T. 

Substituting the valuer which are already known, we find that 6 = 0-0226. 
Since = 26-071, 

(?i - ?) = (0-0226) (26-071 — 32-638) 

= — 0-1483. 

From this fraction we obtain the expected numerical deviation in first born 
affected individuals by multiplying it by the total number of first-bom children, 
164. 

Thus, (-0-1483) (164) = -22-84. 

The standard error of this expected deviation is 

• Vl - . vl54, ±4-76. 

Returning now to the figures given when the results of the reconstruction 
were compared with the observed numbers of mongols in each birth rank, 


§ II, we ascertain the following facts:— 

Total first-bom children (tj). 164 

Observed number afieoted (/u,) . 26 

Ifomber of first bom estimated by reconstruction of 
the data on the assumption that affected chUdren 
are distributed at random with reqtect to birth 
order (em) . 44-99 
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Since the {amiliee in the data are not tinifoim in size, the aveirage values, 
ti . M/T, . M/T, etc., do not represent the expected nombets of mongols in 
each rank if birth order is random. The average tj. M/T has to be replaced 
by egn or 44*99. The deviation due to the effect of maternal age must be 
added to em to obtain the expected number of first-bom mongols. We there¬ 
fore add — 22*84 to 44*99 and the result, 22*lfi, differs from the observed 
number, 26, by 3*86. This difference is less than the standard error, 4*76, and 
is insignifioant. 


Table III—^Results of Analysis by First Method 


1 

II 

111 

IV 

V 

VI 

VII 

VIII 

1 

164 

26 

44-90 

--22-84 

22-16 

4-3-86 

4-76 

2 

167 

27 

43-40 

-14-80 

28-60 

-1-60 

4-80 

3 

139 

28 

33-00 

-6-28 

27-81 

4 0-19 

4-02 

4 

112 

23 

24-46 

-0-46 

24-00 

-1-00 

4 06 

0 

101 

13 

18-63 

+ 1-76 

20-38 

-7-38 

3-86 

6 

87 

23 

16-16 

4-4-69 

10-84 

4-3-10 

3-67 

1 

76 

20 

13-32 

4-6-69 

18*91 

4-1-09 

3-34 

8 

60 

19 

0-66 

4-0‘97 

16-02 

4-2-38 

2-97 

9 

43 

13 

6-47 

4-6-64 

12-11 

+0-89 

2-51 

10 

31 

9 

4-01 

+4*34 

9-26 

-0-26 

2-13 

11 

17 

0 

2-10 

4-2-63 

4-63 

+0-37 

1-68 

12 

16 

2 

2-46 

4-2-76 

6-20 

-3-20 

1-63 

13 

16 

6 

2 66 

4-3-62 

6-08 

-0-08 

1-63 

14 

11 

4 

1-60 

4-2*66 

4-20 

-0-26 

1-27 

16 

6 

4 

0-76 

-hlM 

2-30 

+ 1-70 

0-94 

la 

2 

0 

0-17 

4-0-49 

0-06 

-0-66 

0-64 

17 

Mfitn birtb rank 
(or ootrespond- 
ing deviatiun 
from mean birth 

3 

2 

0-30 

4-0-91 

1-21 

+0-79 

0-ee 

rank) . 

4-83 

666 

4-10 

4-1-65 

6-66 

000 

0-17 


I. Birth rank. 

IT. Total children in each nnk, tp I,, etc. 

III. Observed number of mongols, /m1» etc. 

IV. Ezpeoied number of mongols, bsjted upon reoonsinictiun, eHi, etc. 

V. Expected deviation in number afleoted, based on mean maternal age, In a given birth 
lunk, b {gi - g) tj, etc. 

VI. Expected number of mongols, exl + h (g, — g) etc. 

Vll. Differonoo between observed and oxpocted numbe rs,/ m 1 — e m — h (fli -- g) ®to. 
VIU. Standard error of expected numben, \/MN/T . V^l otc. 

The same caloulation and comparison has been made for other birth nmks. 
The figures are shown in Table III. The fit between observed and expected 
values in columns III and VI is satis&otorjr. There is no indication that any 
birth rank is more frequently occupied by a mongol than would be expected 
from the mere consideration of the maternal ages at which these children ore 
bom. Although the observed number of first-bom mongols is slightly in 
excess expectation, the excess is not significant. Prunogenitnie is therefore 
not Ukely to be an aetiologioal factor. 
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IV 

There are certain inaccuracies in the statistical treatment I have ac^ far 
employed here. It has been assumed that the reconstruction is entity 
independent of maternal age. This is, however, not necessarily true, for the 
smaller families might be concentrated more at the low or high maternal 
ages. In section III it was tacitly assumed that the regression of incidence 
of mongolism on maternal age is adequately represented by a straight line: 
this assumption is inaccurate. Moreover, no aUowance has been made for the 
possible effect of the reconstruction upon the sampling errors given in Table 
111. To avoid these sources of ambiguity the data have been subjected to 
analysis by an entirely different method which was suggested by Professor 
R. A. Fisher.* By use of this new process we are able, after a single complex 
reconstruction, to compare the observed number of niongols in any given birth 
rank with the number which is to be expected on the hypothesis that the 
probability of a mongol child depends upon maternal age (in some manner 
unknown prior to the data) but not, given ago, upon birth rank. 

Let us suppose that there are a number of families containing only two 
children bom at the maternal ages of 32 and 42, respectively, and that one 
child in each family is a mongol. Call and p^^ the probabilities that a 
mongol is bom at these maternal ages. The frequencies of families which 
have the mongol at age 32 to those which have the mongol at 42 will be in the 
ratio 

Pn 

1-Pm 


or, say, where x is proportional to 



In any such family the 


expectation that the child bom at 32 is a mongol is-— . In general, for 

~r ®4i 

families containing only one mongol the expectation that any given child is 
the affected oneisx/B(x) where B(a;) is the sum of the values of x for the different 
maternal ages represented in the family. For families containing more than 
one mongol the corresponding expressionB are more complicated. Given a 
series of x values, the expectation that each recorded child in the data is a 
mongol can be calculated. These expectations are then summed up in two 
ways. In the first place, the assigned values of x wiU be correct when the 


* Only a brief account of the method is given here; m full description is to appear in 
the * Amm.U of Bugenioa* 
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number of mongols observed at any given maternal age tallies with the som 
of the expectations attributed to each child at that maternal age. Secondly, 
when the correct x values have been ascertained, the sum of the expectations 
for all the children in any given birth rank can be compared with the number 
of mongols actually observed in that birth rank. 

In order to simplify the arithmetic, maternal ages for each five consecutive 
years were grouped together. The following x values for those groups were 
estimated by a method of successive approximation :— 


A 

Maternal age group 

16 to 19 

X values 

22 

B 

20 to 24 

10 

C 

25 to 29 

6 

D 

30 to 34 

19 

E 

36 to 39 

88 

F 

40 to 44 

296 

G 

46 to 49 

568 


It will be seen that the probability of the birth of a mongol child is lowest 
between the maternal ages of 26 and 29 and that it rises rapidly after the age 
of 35. Table IV shows the results of calculating the expectation of mongolism 
for each child recorded in the data. The x values have been chosen so that the 
sum of the expectations (in the vertical columns) agrees sufficiently closely 

Table IV—Results of Analysis by Second Method 


Galcu- 


Birth 

order 

A 

B 

C 

t) 

£ 

V 

G 

Uted 
to tel 

Ofaeenred 

totftl 

1 

2-92 

7-33 

4-44 

2-34 

4*94 

1*00 

1-00 

23*97 

26 

S 

0 03 

4-23 

4-90 

e-84 

4*45 

0*35 

— 

26*80 

27 

3 

0 03 

M2 

1-78 

5-84 

7*94 

12*11 

1-94 

30-76 

28 

4 

— 

0-19 

1-48 

3-30 

11*32 

6*00 

1-00 

23*29 

23 

6 

— 

— 

0-7S 

8 05 

6-04 

6*65 

0-54 

1704 

18 

6 


■— 

0-26 

2-30 

7-99 

8-89 

2-21 

21-65 

23 

7 

— 

— 

0-18 

1-37 

8-55 

8-06 

0*94 

1910 

20 

8 

— 

— 

0-02 

0-80 

4-67 

9*55 

2-43 

17*37 

19 

9 

— 

— 

— 

0-63 

4-07 

4*88 

3-25 

12-78 

13 

10 

— 

— 

— 

0-09 

2*11 

6*02 

1*90 

9*12 

9 

11 

— 

— 

— 

0-02 

0*83 

3*24 

0-42 

4-51 

5 

12 

— 

— 


— 

0*85 

2*55 

0*55 

3-95 

2 

13 

— 

— 

— 

— 

0*37 

3*42 

1-86 

5*65 

6 

14 

.— 

— 

— 

— 

0-11 

1*86 

1-57 

3-54 

4 

15 

— 

— 

— 

— 

— 

1*32 

0-91 

2*28 

4 

le 

— 


— 

— 

—. 

0*61 

_ 

0*61 

0 

17 

— 

— 

— 

.— 

— 


1-65 

1-65 

2 


totol .... 

2-98 

12*87 

13-82 

26*58 

64*14 

81-46 

22*17 

224 02 


Observed 

total ... 

S 

18 

14 

27 

64 

81 

22 

— 

224 
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with the total number of mongols observed in each of the maternal age groups. 
The escpectations, added horizontallj, give the expected numbers of mongole 
in each birth rank. The disorepanciea between observed and expected values 
are not great, but there is a alight excess of iirst-bom mongola, as in the results 
which were obtained by the earlier method of analysis, given in Table III. 
In oaloulating the standard error of these difierences it was found convenient 
to group the birth ranks, and the following results were obtained :— 


Birth order 

Observed 
number of 

Expected 
number of 

Difforcnoo 

Standard 

error 

lit 

moogolB 

26 

mongo lit 
23-97 

+2*03 

2-68 

2nd or 3id 

55 

57-66 

-2-66 

3-86 

4th, Sthp or Sth 

69 

61-96 

-2-98 

4-07 

7th to 10th 

61 

68-37 

+2-63 

3-41 

11th to 17th 

23 

22-14 

+0-86 

1-84 

Total ... . 

224 

224-02 

— 

_ 


The agreement between the theoretical number of niongols and the observed 
number is satisfactory, and the excess of first bom afEected children is not 
significant. 

V 

If we accept that order of birth is not a significant aetiological factor in 
mongolism, it becomes very doubtful whether the length of the interval 
preceding the birth can be considered to be of aetiological significance either. 
If order of birth is not causal, it makes no difference whether a mother aged 
40, bearing an affected child, has previously had only one child, bom 20 years 
earlier, or whether the gap has been filled by 10 pregnancies. The present 
data, however, give opportunities for testing directly the hypothesis that the 
interval preceding the birth of a mongolian imbecile is imduly long. 

If we take only those cases which are last bora and which immediately 
Buooeed a normal child in the sibahip, we shall find that the interval between 
these two, ultimate and penultimate, births is very long in comparison with 
intervals between two normal children in the sibships. This is to be expected 
if maternal age is the significant aetiologioal factor, for, during an interval 
between births, the maternal age increases but the birth rank does not rise 
correspondingly. The longer the interval, therefore, the more likely will it 
be that an offspring is affected. If, however, instead of taking affected children 
who are bom last, we select those who both succeed immediately and are 
immediately followed by a normal child, a comparison may be made of the 
intervals before a nd after the birth of affected offspring. Sibships 8, 20,21, 

2 H 
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SO, 33, eto., contain oaaes folfilling this condition. There aie in all 37 instanoes 
of thia in 36 aibahipa. The mean intervals between coneeoutive births are 
shown below. 

Mean interval between normal and mongol immediately following, 
2-78 ±1-33 years. 

Mean interval between mongol and normal immediately following, 
2-96 ± 1 ’82 years. 

The difference between the two means is 0*17 years with a standard error 
±0*37. 

The observed difference is not significant, but it aotnally shows the interval 
succeeding the mongolian imbecile to be greater than that preceding it. This 
is probably due to the fact that, normally, as maternal age increases, intervals 
in the aibahip tend slightly to lengthen. The large interval or period of 
diminished fecundity foimd in certedn instances preceding the birth of a 
mongolian imbecile ia, according to this analysis, unlikely to be of causal 
significance. 

VI 

In this paper data from the investigation of the family histories of 224 
mongolian imbeciles are presented. Statistical analysis, by two entirely different 
methods, shows that the numbers of imbeciles in each birth rank are very 
close to those which are to be expected on the assumption that the incidence 
of mongolism depends upon maternal age and not upon birth order. This 
conclusion applies also to the number of first-bom children found to be affected. 
Aetiological significance can therefore not be attributed to birth order with 
any reasonable degree of probability. Neither is there any evidence that the 
long interval which sometimes precedes the birth of an affected child is of 
causal significance. 

These findings are comparable with Wright's observations concerning the 
relative effects of birth order and maternal age in the production of certain 
characteristics in the guinea pig (Wri^t, 1926); here, too, birth order was 
found to be of no significance. 

1 wish to thank all those who have taken part in preparing the mittiiirial 
presented in this paper and particularly my assistants. Mi— D. B. Newlyn, 
Dr. M. Gunther, and Mr. B. A. Green. I am indebted to the Medical Research 
Oonnoil and the Darwin Trust for finimw—1 f-'-tfini^it 
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Appendix 

Data giving Birth Banks and Maternal Ages at Births of 1031 hidividuals 

in 217 Sibshi'ps 

The Beiial numberg of the aibahips and sexea of the ailected individuals 
are given in the first two vertical columns. 

The maternal ages at the births of the sibs are given at the top of the page. 
Affected individuals (M) given in bold type. 

Normal individuals (N) given in ordinary type. 
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6I2 . Ill . 14 

The Kinetics of Hmnoglobin IV— General Mdhods and Theoretical 
Bc^ for the Reactions with Carbon Monoxide 

By F. J. W. Roughton 

(Communicated by H. Hartridge, F.R.S.—Received February 2, 1934—Revified 

April 17. 1934) 


General Introduction 

Some years ago, Hartridge and Roughton published four papers (1923-1927) 
upon the kinetics of the rapid reactions between oxygen and heemoglobin. 
Following on this work an investigation has been mode of the corresponding 
reactions between carbon monoxide and haemoglobin, and also of the reactions 
in which carbon monoxide and oxygen both compete for union with bfiemo- 
globin. According to the classical paper of Douglas, Haldane and Haldane 
(1912) the hmmoglobin-carbon monoxide reactions should only differ from the 
hsemoglobin-oxygen reactions in the numerical value of the mass action con* 
stants. It was therefore expected that the kinetic study of these sister reactions 
would contribute towards a fuller understanding of the reactions between oxygen 
and hasmoglobin. Furthermore, a knowledge of the rates of the carbon 
monoxide reactions is of service, not only in working out the factors involved 
in the passage of 0^ into the red blood corpuscle (Roughton, 1932), but also 
in interpreting the measurements of the carbon monoxide diffusion constant 
of the lung by the Bohr-Krogh method. Such study is likewise of value for 
the full understanding of other uses of carbon monoxide as a '' physiological 
reagent," c. 9 ., determination of blood volume and distribution, indirect measure¬ 
ment of Of pressure in arterial blood, coal gas poisoning, etc. Lastly, the 
similarity between the kinetica of the reactions of 0| and GO with hmmoglobin 
and the kinetics of numerous enzyme processes, as set forth especially by 
J. B. S. Haldane in his recent book (1930), makes this problem well worth 
working out from the viewpoint of enzyme chemistry. 

In several respects the carbon monoxide reactions of haemoglobin are easier 
and more satisfactory to study than the oxygen reactions:— 

(i) The rates are slower, and hence easier to handle experimentally. 

(ii) Larger variations in ooncentiations of the reagents are feasible—hence 
any Jdnetic equation can be tested in a more rigorous manner. 
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(iii) Smaller corrections are needed for the back reaotiona. 

(iv) Smaller quantities of material are needed. 

(v) The results can be checked by several independent methods. 

In the work described below the velocity of three separate reactions of 
hemoglobin has been measured— 

(a) The combination of carbon monoxide with reduced hemoglobin (Fart V). 

(h) The displacement of oxygen firom combination with hemoglobin by 
carbon monoxide. 

(c) The displacement of carbon monoxide from combination with hemo¬ 
globin by oxygen. 

Reactions (6) and (c) are treated in Part VI. 

In the present paper a summary is given of the general experimental pro¬ 
cedure and of the physico-chemical basis of the several reactions, though 
special points will, of course, be dealt with in the more speoialiaed papers. 
Finally, Fart VTl gives a preliminary account of the reactivity of freshly 
formed hemoglobin compotinds—an inquiry suggested by certain anomalous 
findings in Fart VI. 

Unless otherwise stated, sheep hemoglobin was used throughout. The 
recent work of Qeiger (1931) and Brinkman, Wildschut, and Wittermans 
(1934) suggests that in some species of mammalian bloods there is more than 
one kind of hemoglobin present. According to Brinkman (private communica¬ 
tion) this is probably not so in sheep’s blood, at any rate, if the course of hemo¬ 
globin denaturation in alkaline solution is used as criterion. 

The solutions were simply prepared by laking the whole blood, and diluting 
with appropriate amounts of standard buffer solutioiu. No purification of 
the hemoglobin was attempted, for this would have increased the labour 
greatly, and it was thought unlikely that the other substances present in 
blood, when diluted 100-fold or more, would affect the kinetics of the processes 
under ilRidy. This is confirmed by the recent finding of Hall (1934) who has 
shown that in M/16 phosphate buffer, pa 6*8, dilute solutions of laked whole 
blood give the same dissociation curve as solutions of hsemoglobin purified 
by Adair's method. 

Owing to the lability of sheep’s hsemoglobin, all experiments were as far 
as possible completed within 24 hours. This requirement made it impossible 
to vary the conditions, e,g., concentration of reagents, over as wide a scale as 
might firom a physioo-ohemioal point of view have been wished. 
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Notation 


The foUowing symbols are used throughout this series of papers :— 
1 znillimol = 1 mM = 22 -4 cc. 


[COHb] = mM CO combined with Hb per litre of solution. 

[OfHb] " mM Of combined with Hb per litre of solution. 

[Hb] c= concentration of reduced hsemoglobin per litre expressed as mM of 
additional Og (or CO) which would have to combine to saturate 
the hsemoglobin completely. 


[COHb^ 

[COHb] + [OgHb] +'[Hb] ‘ 
[Q.Hbl 


%COHb = 100 X 

%0,Hb = 100 X [C0Hb] + [0,Hb] + [Hb]‘ 

[CO] = mM dissolved CO per litre. 

[Og] = mM dissolved Og per litre. 


1—QknebaXi Expebfhsntal Methods 
A —The Sapid Fhw Method 

The method of Hartridge and Rooghton for measuring the velocity of the 
reactions of hsemoglobin is as follows. 

The two solutions which are to react with one another are placed in separate 
bottles and driven thence via separate leads into a mixing chamber. The 
mixed fluid emerges from the mixing chamber into an observation tube, and 
the concentration of the various hsemoglobin compounds in the streaming 
fluid is measured at various positions along the tube by means of the Hartridge 
reversion spectroscope. Such readings together with a knowledge of the rate 
of streaming of the fluid along the observation tube, and of the total oon- 
oentration of each reagent, give all the data necessary for measuring the 
velocity of the reaction. Diagrams of the arrangement may be found in 
previous papers of Hartridge and Roughton. 

Table I shows the time range, and the nature and concentration range of 
the reagents used in studying the three reaction velocities. 

The following details also require mention:— 

(i) Mode of Prepomtim of the Seagmta —^Earthenware bottles of 6 to 20 litre 
capacity were used. 

(a) ^Solutions of Dissolved CO andjor 0^—The bottle was half-filled with 
water or bufler solution, the residual air evacuated and replaced by the appro- 
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Table I 

(a) 00 + UW COUb ( 6 ) 00 + 0 ,HW (e) 0 , + C 0 Hb-» 

^BMioale. 1-OOtoO-Ol tea SO-OtoO-Iwo 600tol0MO 

Bottle A— 

Nttora of reigent . Diaolved CO DtotolTed CO Dtedied Oa 

Coiiceiittat4on . 0-100to0 001 mM 0-600to0 02SmM l-StaO-3mM 

Bottle B 

Netuie of reegent . Reduned Hb OfHb + diiMilvcd 0| COHb 

OonoeotnUon . 0-100 to 0-003 mM 0,Ub 0-100 to 0-002 mH 10 to O-OOS mM 

DiatoW 0| O-eOO to O-OSO mM 


piiate gas imxtnie. Five minutes rolling snffioed to bring the liquid and gas 
phase into equilibrium. The amount of dissolved gas was either oalculated 

or else was measured by modifications of the usual methods of blood gas 
analysis. 

(6) Oxi/hcBmoglobin SohUion —suitable amount of laked, oxygenated 
blood was added to buder solutions equilibrated with various partial presBuiea 
of oxygen. 

(c) Catboxyhcmoglobin Sdvtion —^Whole blood, laked with 4 parts of water, 
was equilibrated with a low partial pressure of CO, so that the haemoglobin 
should be fully saturated with CO, without titere being an appreciable amount 
of the latter in simple physioal solution. One part of this COHb solution was 
then quickly mixed with 200-300 parts buffer solution, of very low [0|]. 

(d) Rtiueed Hemoglobin iSkdutwm—Whole or laked blood was reduced by 
repeated evacuation and shaking with nitrogen at about 30° C. It was then 
mixed with a suitable large volume of Of&ee buffer solution anaetobioaDy. 

For experiments at pn > 10, the ammonium sulphide method of our previous 
paper (Hartiidge and Roughton, 1925} was sometimes used. 

(ii) Obunation Tube—Tubes of diameter 6 to 13 mm served for the higher 
Hb concentrations, whilst for lower ones, the type shown by Haitridge and 
Houghton in fig. 2 of their 1926 paper was used. 

(iii) IniomediaU Foiwnes—For the slower reactions (half period > 1 sec) 
vessris of capacity 10 to 3000 cc were interpolated between the mixing chamber 
and the observation tube (Hartridge and Roughton, 1926, fig. 1 ). 

(iv) The Beoenion ffpeotroscops—For the displacement of 0| fitom Hb by 
GO, and vice verm, the ratio of [COHb] to [0|Hb] in the streaming fluid was 
measured in the ordinary way. 

In the combination of CO with reduced Hb, it was, however, necessary to 
ethe [COHb] :[Hb] in the streaming fluid. This was done in a manner 
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rimilar to that adopted by Hartridge and Ronghton (1923) for measuiiiig the 
ratio [OgHb]: [Hb], the only eeaential differanoe being that the auxiliary 
trough which in the pievioua investigation contained COHb, in the present 
one contained 0|Hb solution. Otherwise the prooednre for calibration, 
estimation, etc., was so like that already described for the [O^Hb]: [Hb] 
measurement that reference to the earlier paper will supply any further detaUs 
needed. 

In the present work, readings can be got from 15% COHb to 100% COHb, 
whereas in the [0|Hb]: [Hb] work, the absorption bands, owing to binning, 
could not be measured up at lower values than 30% O^b. The best accuracy 
is found between 30 and 70% COHb, but even in this range the accuracy ia 
only half as good as in the [COHb]: [O^b] estimation in aolutions containing 
no reduced Hb. At the end of Fart V a more accurate, though more elaborate, 
spectroscopic method is described for measuring [COHb]: [Hb] ratios. 

B —The Shaking Method 

Under suitable conditions, both the displacement of Oj from combination 
with'Hb by CO, and also the reverse reaction, have a half-period of more than 
SO sec. Reactions so slow as this can also be followed by a simpler method, 
t.e., by sbalring the Hb solution violently with appropriate gas phases, and 
then after varying periods stopping the shaker and examining the percentage 
of COHb in the liquid with the reversion speotroaoope. Comparisons witii 
the rapid flow metiiod showed satisfactory concordance. 

Besides that of simplicity, the shaking method has the further advantage 
of requiring only very small amounts of blood, t.s., of the order of 0*1 cc or 
less. Applications of it are given in Part VI, p. 473. Unfortunately it has 
not BO fhr proved applicable to the CO -j- Hb reaction rate. 

Two other methods have also been applied to the special GO -{- O^Hb 
reaction. These, too, are described in Part VI of this series of papers. 


2—OninnuL Physical Gehmistby or thh Hjemoolobin RxAcnoirs 

A —The ReaeUon of Carbon Monoxide {or Oxygen) with Redneed HeemogUibin 

The simplest view of the reaction from the masa-aotion standpoint is that 
originally put forward by Hflfiier, t.e., that 

1 mol CO (or Oa) -f 1 mol Hb v* 1 mol COHb (or OgHb). 
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This leads to the velocity equation 

d [COHb] Idt = V [CO] [Hb] -1 [COHb], (1) 


and to the eqnilibriiiin equation 


fCOHbl ^il^T 
[CO][Hbl I ’ 


the latter leading to a dissociation curve of the rectangular hyperbola type. 
These equations would only be prima faoie valid if the molecular weight of 
hnmog^obin did only combine with 1 gm mol of CO (or Oj), i.e., if the molecular 
weight of hemoglobin was, as Httfiier suppoeed, 17000. 

AotuaDy, however, the work of Adair, Svedbeig, and others has shown that 
the molecular weight of the respiratory pigments = ITOOOn, 
where 

n = 2 for muscle hemoglobin (Theorell, 1934), 
n = 4 for mammalian blood hemoglobin (Adair, 1926, Svedberg), 
n ^ 60 for the analogous case of the hemocyanins (Svedberg, 1933). 


This, as Adair (1925) pointed out, would suggest the existence of three types 
of pigment compound, (i) In which none of the gas-combining groups (».e., 
“ gas-groups ” for short) are combined with CO or Os. (ii) In which all of the 
gas-groups are combined with GO or Og. (iii) In which some but not all of 
the gas-groups are combined. 

Hartridge and Roughton (1926) showed that simple equations of the Hilfher 
type (i.s., (1) and (2) above) should hold, whatever the value of n, provided that 
the chance of a gas molecule combining with the haemoglobin molecule was 
just proportional to the concentration of dissolved gas and the number of 
free gas-groups in the molecule, and that the chance of dissociation of a gas 
molecule from combination with haemoglobin depended only on the number of 
gas-groups occupied. A similar deduction was made independently by Adair 
(1926). Such a proviso is essentially similar to that shown by Langmuir 
to hold good in reactions with heated metallic surfisoes. The type of reaction 
in question may hence be referred to as a *' Langmuir ” type. 

Experimentally the simple equations have been found to hold for:— 

(i) Equilibria for muscle hsmoglobia (TheoreD, 1994); mammalUfi haemo¬ 
globin spasmodically, especially if the blood has received rather strenuous 
handling (Barcroft and Roberts, 1909; Hartridge uid Roughton, 
1926; Forbes, 1931); dialysed lunulas hiemotyanin (Bedfield, 1930). 
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Hb 4 (CO) + CO ^ Hb* (CO),. 

Velocity = I', [CO] [Hb, (00)] -1, [Hb, (CO) J. 
Equilibrium constant L, » (B. 2 ) 


Hb, (CO,) + CO Hb, (00),. 

Velocity = T, [CO] [Hb* (00),] - [Hb, (CO) J. 
Equilibrium constant L, = T,/!,. (5.3) 


Hb, (CO), + CO ^ Hb, (CO),. 

Velocity = [CO] [Hb, (CO),] - Z, [Hb, (CO),]. 
Elquilibrium constant L, = Z' 4 /Z,. (6.4) 


Let [CO] = a, initial [Hb] = p. 

The final equilibrium equation then runs 


%COHb _ Liflt -|- 2IitL, (x* 3LiL -|~ 4Li|L JjgL^oc* 

100 4 (1 -|~ L|S -|- L,L,ac* ~1~ L|L,Lj|(x* -|- L,L,L,L4fli*] 

At very high values of a, ( 6 . 1 ) simplifies down to the equation 

%Hb 1 

100 4I^a' 


( 6 . 1 ) 

( 6 . 2 ) 


Exactly similaT equations have been previously given for the 0,-Hb equili¬ 
brium, By choosing the values of L,, etc., suitably, the whole dissociation 
curve can be very closely fitted, but, as has been fully realized in previous 
papers, such a test has no rigour for many different sets of values of L|, etc., 
all give an equally good fit. 

At first sight the situation as regards the velocities looks even more un¬ 
promising. For there are not only four unknown forward velocity constants 
l\, {'„ Z',, Z' 4 , but also four unknown backward velocity constants to be taken 
into accoimt. The latter, however, are relatively so small that the terms con¬ 
taining them can be n^lected except very near the end of the reaction; 
furthermore, it is possible under restricted conditions to devise tests, the 
stringency of which does not depend upon an independent knowledge of l\, 
Z'„JVandZ'4. 

(a) If [(X)] > 8 , so that [CO] remains practically constant throughout the 
extent of the reaction under consideration, then if the back reaction terms are 
ne^ected it follows that 

[GOHb] at time f =■ p [1 — (AjS -f A,c~'>‘ + A,s“''*^ -f- AsS"' ***)], (8.3) 
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where A|, eto., are oonstanta with valnea depending only on the value of 
V%f etc. 

A mmilar equation has been given by Millikan (1932) for the rate of dis- 
todation of oxyhemoglobin on the intermediate compound hypothesis. 

From equation (6.3) it follows that— 

(i) If [CO] is varied but kept in great excess of the time taken to reach 
any given COHb per cent should be inversely proportional to [CO]. 

This is verified experimentally in Part V. 

(ii) Over the very early stages of the reaction d [COHb] jdt should equal 

r[CO][Hb] roughly, i.e,, the Hhfner equation should hold good even 
though the values cure not known. Experiments in Part V 

show that this equation is roughly obeyed, even beyond the early 
stages of the reaction in many oases. 

(5) Let [HbJ = yo, [Hb 4 (CO)J = y^y [Hb 4 (C0)|] = y,, etc., and 

y yi + 2y4 + 3ya + 4y4. 

Then [CO] at time t = ([CO] at time 0) — y = a — y. 

Therefore rate of reaction CO + Hb 4 -► Hb 4 (CO) is given by 

^ = (7.1) 

the back reaction term being neglected, whence 

= (7.2) 

where q is any multiplier. 

From equations (7.1) and (7.2) it follows rigorously that the efiect of increasing 
both [(X)] and [Hb] 9 -fold, should be to increase d [%Hb 4 (CX))] fit 
9 -fold over the whole course of the reaction, whatever the shape of the reaction 
velocity curve. By similar arguments the same should apply to each of the 
other intermediaries Hb 4 (CO)„ Hb 4 (CO),, Hb 4 ( 00 ) 4 . From this it clearly 
follows that %COHb plotted against time measured in unite of 1 second, 
should give a curve identical with that of %COHb plotted against time 
measured in units of 1/9 second, if in the latter case [CO] and [Hb] ore both 
increased 9 times. 

This important deduction is verified in Part V. In this instance it will be 
found that an equation of the type d [COHb] jdA — V [CO]* [Hb], where 
n ^ 2 fails entirely. Failure in less striking degree also occurs in the other 
two tests already mentioned in this section. 


2 I 2 
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Altliough these kinetio experiments do serve to discriminate against the 
Hill equation, they do not give any decision as between the general inter¬ 
mediate compound hypothesis, and the simple Langmuir-Hi&&er mechanism, 
for the latter, as can readily be seen, yields deductions which are identical 
with those given above. From the kinetio standpoint it has, indeed, so far 
proved difficult to distinguish betw^n the last two mechanisms; but since 
dissociation curve data, in dilute solutions of mammalian blood, pronounce 
definitely against the Htlfner-Langmuir mechanisn), it would seem best, at 
present, to accept the general theory of intermediate compoonds as the best 
working hypothesis. 


B —The Diajjlacement of O^from ConAinalion tcUh H(jBinoglobin by GO 

oftd vice versa 


The equilibrium of this reaction has been studied extensively both by gaso- 
metric and by optical methods. If the sum of [CO] -f [0^] is high enough for 
[Hb] to be practically n^ligible, all observers are agreed that the equilibrium 
can be expressed by the simple equation 


[Oi][COHb]^j)j 

[CO] tO,Hb] 


( 8 ) 


The constant A! ia practically independent of p^, salt content, laking of the 
blood, and purification of the haemoglobin. It has a temperature coefficient 
of about 1'3 per 10" C, and ia very greatly reduced by strong light intensity. 

If the haemoglobin ia pntctically asturated with CO and/or 0„ there should, 
on the intermediate compound hypothesis, be no appreciable amounts of 
compounds with less than three gas groups saturated. The natural view 
would then be that the process consists of a series of pairs of reactions as 
follows:— 


Hb 40 g ^ HbgOg + Oj \ 

HbgO, + CO r* HbgO, (CO) / 

HbgO, (CO) HbgOg (CO) + 0, I 
HbgO* (CO) + CO HbgOg (CO), / 

Hb 404 (C 0 ),viHb 40 ,(Cp), + 0, 'V 
Hb40, (CO), + CO T* HbgO, (CO), / 

Hb40, (CO), ^ Hb4(CO), + 0, 'I 
Hb, (CO), + CO V* Hb, (CO), J 


(9.1) 

(9.2) 

(9.3) 


(9.4) 
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Coiudder the first pair of reactions given bj (9.1). Experimental evidence 
suggests that the forward and backward reactions of the reversible process 
Hb 40 | Hb 40 a + Os are both so much faster thAn either reaction of the 
second process Hb 40 a -f 00 ^ Hb 404 ( 00 )^ that the former process must be 
practically at equilibrium throughout. As regards (9,1) we should therefore 
have;— 


where 


d[C01 

di 


K4[0»] 


m 4 [Hb 40 e(C 0 )]. 


l\^ are the velocity constants of Hb 40 o -f CO ^ Hb 40 a (C0)» 
and 


K 4 is the equilibrium constant of Hb 404 Hb 404 + 0 ,. 


A similar series of equations applies to ( 9 . 2 ), (9.3), and (9.4), and these when 
summed together give the ** overall rate of combination of CO. 

Let us see what would happen if the simplest Langmuir principles applied 
to these reactions. 

In the reversible processes 


"H Of ^ Hb 40 g, 

Hb404 (CO) + 0, ^ Hb404 (CO). 

Hb40, (CO), + O, Hb404 (CO),. 

Hb4(C0), + 0 ,^Hb 40 ,(C 0 )„ 

the velocity constants of the reactions from left to right would all be the same. 
i,e.y the velocity of each of these reactions would just depend on there being 
one free group available in the hsemoglobin molecule for 0 , to combine with, 
and would not depend on the nature of the molecules (whether 0 , or CO) 
which already occupy the other three groups. 

The velocity constants of the reactions &om right to left in the above reaction 
would not. on the contrary, be equal to one another, but would be proportional 
to the number of 0, molecules combined in the hssmoglobin molecule. Thus. 

the velocity constant for the reaction Hb 40 ,'>- 1 ^) 40 , + 0 , would be 
taken as four times greater than the velocity constant for the reaction 
Hb 40 , (C 0 ),->Hb 4 (CO), + 0„ it being assumed that the chance of a hemo¬ 
globin molecule which poBseases four combined 0 , molecules dissociating ofF an 
0 , molecule is four times greater than the chance of a heemoglobin molecule 
which possesses only one combined O, molecule, the other three groups being 
occupied by CO. 
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4«S 

Sunilariy lot th« levenible leaotioiu 

Hb,Og + CO Hb40, (CO), 

Hb404 (CO) + CO Hb404 (CO)„ 

HbiO, (CO), i-CO^ Hb40, (CO)„ 

Hb* (CO), + CO ^ Hb4 (CO)4, 

the velocity constants of the reactions firom left to right would be taken aa 
identioal, but the velocity constants &om right to left would stand to one 
another in the ratio of the numbers of combined CO molecules in the respective 
hemoglobin compounds. 

On snob assumptions the “ overall ” rate for the whole process would be 
given by 

|(COHb]=f*Ml^-„[COHb]. 00.1) 

^gXCOKOW-^tcoHb]. 


where 


(10.2) 

whence at equilibrium 

[0,l[C0Hbl _♦»' „ 

(11) 


[CO] [0,Hb] m 


Equations (10.2) and (11) are tested in Part VI of the present series of 
papers, and found to be, within experimental error, valid. 

No other theory has yet been found to give so simple and plausible an 
explanation of the experimental results in the present reaction. As a working 
hypothesis it may be tentatively concluded that, when not less than three out 
of the four gas-groups ” of the htemoglobin molecule are combined with 0, 
and/or CO, the reactions even in mammalian blood conform to the simple 
Langmuir principle, and that on this account the competition of CO and 0, 
for combination with hemoglobin can be expressed by very timple mass 
action equations. 

The costs of the researches described in this paper and in the snooeeding 
papers have in part been financed by the Medical Besearoh Council, to whom 
I wish to express my thanks. I am also greatly indebted to Pro fosa or 
Hartridge for the loan of much of his private apparatus, and for his 
continual interest and indeed frequent assistanoe in many of the experiments. 
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SenUfARY 

1— The rapid reaction velocity method of Uartridge and Houghton has been 
applied to the following reactions— 

(а) the combination of CO with reduced heemoglobin (Hb); 

(б) the displacement of 0| from combination with Hb by CO ; 

(c) the displacement of CO from combination with Hb by 0^. 

General descriptions of the experimental technique are given, and the impor¬ 
tance, theoretical and practical, of such measurements is emphasized. 

2— The oxygen-hmmoglobin reaction is briefly reviewed from the phytdoo- 
chemical standpoint, with a view to the theoretical consideration of the carbon 
monoxide reactions. 

3— Under certain conditions it is shown that the equation for the velocity 
of reaction (a) is identical on the HUfner theory and on the intermediate 
compound hypothesis of Adair, but is quite different on the basis of Hill’s 
equation. 

These deductions are experimentally tested in Part V; the issue is favourable 
to the Adair hypothesis and not to the Hill theory. 

4— ^Reactions (6) and (o) follow very simple equations both as regards their 
equilibrium point and their velocities. This is also difficult to reconcile with the 
Hill equation; it can, however, be brought into line with the Adair hypotheaia, 
if the competition of CO and Of for combination with Hb obeys the same 
principles os those postulated (in simple cases) by Langmuir for the reactions 
between gases and heated metallic surfaces. 
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The Kinetics of Hoemoglobin V —The Combination of Carbon 
Monoxide with Reduced Htemoglobin 

By F. J. W. Rouqhton 

(Commanioated by H. Hartridge, F.R.S.—Received February 2, 1934—Revised 

AprU 17, 1934) 

The theoretical aspects and importance of this reaction have already been 
discussed in the introductory paper of this series (Part IV) as have also the 
experimental methods in broad outline. It will be assumed here that the 
reader is familiar with that paper. 

In the present paper will be found the experimental results of the tests 
suggested in Fart IV, together with an account of the effect of pu ftod tempera* 
ture on the rate of combination of carbon monoxide with reduced haemoglobin. 
It will be useful to describe first of all the results of a typical e^teriment at 
Pfi 10, temperature 21° G, [00] = 0*1 mSI, [Hb]=0*06 mM. These are 
plotted in fig. 1. It will be seen that the reaction is half completed in about 
0*06 second and there is therefore no doubt that the apparatus is amply 
adequate for coping with the reaction, since in our previous papers we have 
shown that even reactions more than ten times as fast could still be accurately 
measured. 

It was rather a surprise to find that the reaction between CO and Hb is 
about 10 times slower than the reaction between O, and Hb under similar 
conditions. The 200-fold greater “ affinity ” of CO for luemoglobin must 
therefore be dne to the extreme slowness with which COHb, as oompated with 
O^db, con dissociate. This conclusion is verified in Part VI, p. 484. 
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1 —Teeia as to the Mechaniam of the Recu^ion 

(i) The Effect of Varying Exceaa [CO], at Conaiant Hcemoglobin Concentra¬ 
tion ,—On either Hhfher’s theory, or on the general intermediate com¬ 
pound hypothesis, the time taken to reach any given %COHb should be 
inversely proportional to [CO]. This should not, however, be so if Hill’s 
equation applies to the kineticB of the reaction. 



Fio. 1—Typical eiperimont on rate of combination of CO with hemoglobin. 

With the apparatus, as ordinarily used, it was not feasible to have [CO] 
in more than 10-fold excess over the hsemogldbin. In two experiments 
at 15° C now to be described, the following four solutions were prepared:— 

(а) Reduced Hb solution in M/20 phosphate buffer [The blood was 

diluted to 1 in 40 approximately.] 

(б) Reduced Hb solution of same strength in NUa-NH 4 Cl buffer 10-0. 

(c) Solution of dissolved CO in equilibrium with gas phase containing 1^ 
atmospheres CO. 

(d) Solution of dissolved CO in equilibrium with gas phase containing | 
atmosphere CO. 

By mixing (a) first with (o), and then with (d), the effect of 3-fold variation in 
[CO] could be observed at 6-6. Similarly at pn ^7 using (b) in place 
of (a). The results of these four experiments are plotted in figs. 2a, 26, in 
which the time scale is measured in units of 1/100 second for the stronger 
[CO], and in units of 1/33 second for the weaker [CO]. 
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It 18 seen ^wt the points in the (a) and (o) experiment when so plotted fall 
pretty closely on the same curve as the pmnts in the (a) + (d) experiment, 
fig. 2a, over the first third <rf the process. Snch also oooitn with the (6) + (o) 



1/33 « - weaker [CO] 


1^0. 2a—^Effect of threc-fbld variation in [CO] at pn 6'fl, temperature 1S° C. 0 atrong 
[CO] s X weak [CO]. 



Fm, 26—Effect of thiee>ibld variation in [CO] at pm 10*0, temperatnie 16* C. 0 strong 
[00]; X weak [CO], 


experiment and the (6) *4- (d) experiment, fig. 26, thus verifying the deduction 
nnder test. The agreement in the latter experiment extends np to hi|^ pet 
cent COHb than would have been expected, for when &0% OOHb it reached 
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the [CO] in experiments with solution (e) will have dropped by B% whewai 
the [CO] in ezpeziments vrith solution (d) will have dropped 16%, so tiiat in 
the latter case a distinct lagging of the %COHb might have been noticeable. 

(ii) During the early stages of the reaction 

d [COHb]/* should -= V [COJ [Hb], (1.1) 

both on the Htt&er theory and on the general intermediate compound hypo- 
thesiB. 

Equation (1.1), when integrated, given 


where 


l'l = 


a- p 


log 




a = [CO] + [COHb], 
P = [COHb] + [Hb], 


( 1 . 2 ) 


y = [COHb]. 

whence log ^^ plotted against time should give a straight line relation¬ 
ship during the early stages of the reaction. 

The results of fig. 1 are re-plotted in this maimer in fig. 3. The points, 
indeed, fall on a straight line not only during the early stages but also far 
beyond. This was also observed in many other experiments, and so it seems 



Fro. 3—Twt of eqnatiai fi>r velocity of leaotlon GO -f Hb*« COHb. 

legitimate to calculate an empirio velocity constant V by equation (1.2). The 
word “ empirio ’* is used to emphasin tire fisct that the general intermediate 
oompoond hypotheos is incapable of saying whetiier equation (1.2) ought or 
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ought not theoretically to hold good beyond the early stages of the reaction. 
On Ihe Hhfher theory, of oouiae, equation (1.2) ought to be valid up to the 
point where the back reaction velocity becomes important. 

(iii) By far the most important tests are those diown in fig. 4 at j>h 10, and 
at pn 7 -4. At each of these effect of varying the concentration both 

of CO and of hsemoglobin 32-fold was observed. According to Part IV this 
^ould alter the rate of change of the %COHb in the same ratio, viz,, 
32-fold, if the Hllfiier theory or the general intermediate compound hypotheaia 
hold good. At both ph’b the time scale is plotted in units of Beconds/32 for 



seconds for weak cone*!* of reagents 
sec/32 - strong - 

Fio. 4—Effect of thirty-two-fold variation in concentration of reagentB upon rate of 
reaction CO -f Hb COHb at pn 7*4 and 10. (i) Pb 10—■ weak oonoentratlon; 
4* strong concentration, (ii) jpn 7*4—• weak concentration; strong oonoen¬ 
tratlon. 

the stronger concentrations, and in units of seconds for the weaker concen¬ 
trations ; the two sets of points for the two concentrations should both fit 
on the same curve. This they certainly do, within experimental error, at 
both Ph'»* 

The inadequacy of Hill’s equation from the Idnetio point of view is in these 
oases very striking. For on this view the reaction would proceed according 
to the equation. Hb„ + nCOHb (CO)„, where n lies between 2 and 3, 
and the effect of reducing Hb and CO each 32-fold should be to reduce the 
rate of increase of %C0Hb at least 1000-fold, instead of 32-fold as 
in Uie previoiia4 theory and experimetUs. The Hill theory, thou^ still much 
used as an mpirie basis for formulating ozygen-hseino^obin equilibria, has 
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thus, as already mentioned in Fart VI. proved to be unserviceable in the 
kinetic held, and therefore unserviceable also as a guide to the mechanism of 
the reactions concerned. 

The results of all these three tests are, on the contxary, in accord either with 
the simple Hiifiaer theory or with the genereil intermediate compound hypo¬ 
thesis. For reasons given in Fart lY, it seems best at present to accept the 
latter as the best working hypothesis. 

2 —EffeU of ph. Temperature, Light, etc, 

(0 Pu —results of three experiments carried out on the same day (on 
Hb solution prepared from the same sample of blood) with identical concentra- 



Fio. S—Effect of Ph on velocity of reaction CX) + Hb COHb. 0 pu 10; B Pn 7-2 ; 

X Pb 0'6. 

tions of CO and Hb, but varing p^, are plotted in fig. 5. It will be seen that 
tile velodtieB at pa 7-2 and ]>h identical within experimental error, 

but that the velocity at pn 10 is about 60% faster. This difference is about 
the same as the difference in rate of combination of 0^ -|- Hb at Ph 10 and 
pu 6-6. In neither case is the difference large enough to make it possible to 
calculate with accuracy the value of the oxy-labile ionisation constant of 
reduced haemoglobin, as was found possible previously for oxytuemoglobin 
(Hartridge and Roughton, 1923). 

Usually the buffer was all placed in the CO solution and the Hb solution 
previous to mixture was unbuffered (t.e., about p^ 7-4) so that after mixture 
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there must have been oonaideiable changes in the kmiaation of the haemoglobui. 
That these changes are too raj^ to have any effect upon the observed rate of 
the GO + Hb reaction was shown by controls in which the bofier was equally 
distributed between the CO and Hb solutions prior to their mixture in the 
reaction velocity apparatus. 

(ii) Jemperature—The values of I' at three different temperatures, Ph = f *2, 
as measured on the same day on luemoglobin solutions prepared from the same 
sample of blood, are shown in Table I. 


Table 1 


Temp. ** C 

r 

7-2 

118 

17-7 

252 

33-3 

747 


Qiq, the temperature coefficient per 10° C, is therefore about 2. The values of 
Q]g in Table II were obtained at other pe’s, blood from dijfferent sheep being 
used in each case. 

Table II 


pa 

Qi* 

66 

1-0 

5'6 

1*8 

5-6 

1-7 


(iii) Light —^Haldane and Lorrain Smith (1896) discovered that the equilibrium 
of the reaction 

carbon monoxide + oxyhtemoglobin ^ oxygen + carboxyhamoglobin 

is displaced markedly to the left by light. It is easy to show that the equili¬ 
brium of the reaction 

carbon monoxide reduced hsemoglobin carboxyhsemoglobin 

is also displaced to the left by light, simply by shaking a dilute solution of 
GOHb in a tonometer full of If|, which is placed in the path of a beam of 
strong light. The question then arises, is it the forward reaction, the 
combination of carbon monoxide with reduced haemoglobin, or the backward 
reaction, t.e., the dissodation of carboxyhaemoglobin, or both reactions that 
are accelerated by li^t t To answer this question, as regards the reaction 
studied in this paper, the same arruigement was- adopted as in the reaction 
between oxygen and haemoglobin (Hartridge and Boulton, 1926). No certain 
diffetenoe could be detected in the rate of combination of carbon monoxide 
with haemoglobin even when tiie light illnminatuig the reacting solution was 
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varied 100-fold in intenaity. The effect of light upon the equilibrium constant 
of the reaoti<Hi CO + Hb COHb mast therefore be due entirely to its 
accelerating influence upon the velocity of dissociation of COHb. 

(iv) 8aU Conoentration —No experimente have yet been done on the effect 

1 

of Tatying 'salt ooncentration of ions other than H or OH) at constant p^. 


3 —A More Accurate Method of Mecteuremeni 

Recently we have had occasion to devise a more accurate, though more 
elaborate, method of measuring the per cent COHb at various instants of 
time after mixture : the principle is as follows:— 

The solution of CO and the solution of reduced Hb meet together in mixing 
chamber Mx, fig. 6, mix and then travel through a variable length of tube and 



Fio. 6—More oooarate method for measuring the rate of oombinstion of CO with hsmo- 
globin. 

deliver into a second mixing chamber Mg where the fluid meets and mixes with 
water saturated with Og (at one atmosphere pressure at least). Suppose 
that the length of time taken between the mixing chambers Mx and Mg 
is such that the %COHb reaches z%, then within at most 1/500 second after 
mixing with the oxygenated water, the remaining (100 — x)% of reduced 
Hb becomes OgHb, so that in the early part of the observation tube 
leading out of Mg the fluid is x% COHb and (100 — x)% OgHb. The value 
of is determined by the reversion spectroscope in the ordinary way. The 
value of X remains constant for some distance as the spectroecope moves down 
O' away from Mg, bat after a certain point is reached the value of x begins 
to increase owing to the displacement of Og from OgHb by CO. The suocess 
of the method depends entirely upon the fact that the chemical combination of 
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tibe remaining reduced Hb with the diaadved Og ia ao very mndh more rapid 
than the combination with the remaining diaaolved CO; to be certain of tlua 
it is best to wmk with as dilute a solution of hnmoglobm as poeaible so aa to 
be able to have a ootreapondingly low ooncentntion of CO. The value of t 
is determined by measuring the volume of tube in between Mj and Mg, and the 
volume of fluid passing through per second. The value of a; ia measurable 
with at least twice as great accuracy as is possible in the former method, and 
further can be measured over the whole range from 0-100% COHb. With the 
20-om observation tube it is possible to work with a solution containing 0*6 cc 
blood per litre, which would be of obvious advantage in working with human 
blood or in studying the effect of species over a wide range of animals. The 
large effect of species upon the equilibrium constants of the hemoglobin reaction 
does, indeed, make a sinular investigation with the velocities well worth 
carrying out. 

The method is also specially valuable for studying the rate of reaction of 
CO with hasmoglobin in the corpuscle, for in this reaction the suspension issuing 
from the first mixing chamber can be mixed with a solution, which not only 
contains excess of dissolved but also contains a laking agent, so that the 
final reading of COHb to OgHb is made in solution instead of in the corpuscle, 
in which, owing to the fuzzy character of the absorption bands caused by the 
scattering of light by the corpuscle walls, the readings ate much more difficult 
and less accurate (Hartridge and Roughton, 1927). 


Summary 

1— Under aiinilar conditions as to pat temperature, and concentration of 
reagents, carbon monoxide combines with hiemoglobin about 10 times more 
slowly than oxygen does. The greater affinity of CO for hmmo^obin is due 
to the fact that cuboxyhssmoglobin dissodates far more slowly than oxy¬ 
hemoglobin does. 

2— The results of three different quantitative tests suggest that tiie kinetics 
of the reaction conform to Adair’s intermediate compound hypothesis, rather 
than to Hill’s equation. 

3— During the early stages of the reaction, the rate is given roughly by the 

d[COHb]/<ft = l'[CO][Hb]. 


4— 4' is only dightly affected by pg, and not appreciably light. 

5— The temperature coefficient of I' is about 1*8 per 10” 0. 
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6—A new and more accurate method of meoaoring the rate of combination 
of CO with Hb ifl outlined. 
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The Kinetics of Hcemoglobin VI —The Competition of Carbon 
Monoxide and Oxygen for Hcemoglobin 

By F. J. W. Roughton 

(Communicated by H. Hartridge, P.R.8.—Received February 2, 1934— 
Revised April 17, 1934) 

Introduction 

The experimental part of the research to be described below is given in two 
main sections. Cf these Section 1 deals with the results obtained in measure¬ 
ments of the rate of displacement of oxygen irom combination with luemo- 
globin by carbon monoxide. Section 2 gives, in corresponding fashion, the 
results for the reverse reaction, namely, the displacement of carbon monoxide 
from combination with hemoglobin by oxygen. 

The theoretical aspects of these two reactions have already been dealt with 
in broad outline at the end of Part IV, with which it will be assumed 
that the reader is fiiUy acquainted. Some further considerations, however^ 
arise and these are given in Section 3 of the present paper. 

The rate of displacement of oxygen from combination with becmoglobin by 
carbon monoxide has now been measured in several different ways. Tho 
oonoordance so found is of experimental, rather than of theoretical, interest 
and hence the account of these tests has been relegated to an Appendix. 

2 K 
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BbOTION 1— ^ThB HaTB of DiBPLAOEHEHT of OzYGBN VBOM CoHBlNATION 
WITH Rshoglobin BY Cabbon Monoxidb 

A— FormtUce used «n Cabndating the Besults 

The experimental results upon the rate of this reaction have all been found 
to be consistent with equation (10.1) of Part IV, namely, 

d [COHb]/rfy = - - m [COHb]. 

l^lJ 

Over the first half of tiie reaction, the back reaction term, t.e., m [COHb], is 
negligible, and hence the equation reduces to 

d [COHb]/*ft = . (1) 


In Hartridge and Roughton’s first paper (1923, a) another equation, viz., 
d [COHb] /dl = it, [CO] [0,Hb], was used with apparent success. In this 
early work, however, the [0,] was not systematically varied, and was, in fact, 
nearly the same in most of the experiments; the results would therefore have 
been equally well fitted by equation (1). 

If« = [CO] + [COHb], 

p = [COHb] + [0,Hb] + [Hb]. 

Y = [0,] + [0,Hb], 
y = [COHb], 


equation (1) becomes 


^ _ wt' (g — ») (3 — v) 
(Y + y-P) ’ 


Special 

(i) If Y is iuge compared with (a — p), (3.0) simplifies to 

m' ((,-«,) = 


a — 


^(P-ys)(«-yi) 


( 2 ) 


[Hb] being neglected since it is throughout so small compared with p. 
Equation (2) when integrated over the time interval gives 

m' (<i - 1 ,) = log. + -I- log. 1^. 

a p a — yj a — p 


(3.0) 


( 3 . 1 ) 
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(ii) If a and y are both large compared with (3.0) simplifiee to 


(Hi) Ifa^ P, 




( 8 . 2 ) 


^ _ w* (« — y)» 
^ (Y + y—P)’ 


m' (<, - t.) = log,(*—- (p -a _ y)(_J-L_) (3.3) 

\a-y,' —yi « —y. 


These equations were used in appropriate cases in the tests now to be described. 



Fie. 1—^Typical experiment on rate of reaction CO + O^Hb->■ O, + COHb, p^ 7*4, 

temperature 17” C. 


B —Results in a Typical Experiment 

The results of an experiment at Ph 7 *8, temperature 21 *6° C, are plotted in 
fig. 1. The solution in the two bottles, A and B, which delivered into the 
iwiTing chamber were as follows' 

Bottle A = water saturated with coal gas, praoticallj free from dissolved Og. 

Battle B bb water saturated with air + 1 part of blood in 00 of water -f- Pa 
7 *8 buffer mixture. 

In these experiments the conditions which lead to equation (3.1) are 
needy enough satisfied and therefore logu (P — y/a — p) plotted against time 
should give a straight line if (3.1) u vafid. 

2x2 
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This was found to hold, within the limits of experimental error, both in the 
present experiment and in most of the other experiments on this reaction. It 
therefore follows that the various observations made in any one experiment 
give consistent values of m\ It is generally agreed, however, that a more 
searching test is to see whether tn' remains constant when the concentrations 
of the various reagents are altered. The results of such tests will now be 
described in the next sub-section. 


C —ExperimefiUil Testa of Equation d [COHb] jit — ■ 

varying Concentrationa of the several ReagefUs 


(I) [CO], [OgHb] varied: [OJ hsft approximatdy constant —Tests on five 
different samples of sheep blood [(a), (6), (e), (d). and (e)] solution by the rapid 
flow method were done with varying concentration of CO and O^Hb and 
at Ph’b ^ 10-0. These are summarized in Table I. 


Table 1 


Teat 

Temp ° 

C pB 

a 

p 

y 

m 

(«) . 

15 

7-4 

0*070 

0-092 

0*345 

3-4 

15 

7-4 

0094 

0 092 

0*327 

8*0 

w. 

17 

7-4 

0*079 

0*067 

0-223 

3-1 

17 

7-4 

0-040 

0 067 

0*209 

8-6 


17 

7-4 

0-071 

0*117 

0*257 

3*7 

(e) . 

21 

ds 

0-060 

0*067 

0-223 

4*6 

21 

a-3 

0-028 

0-073 

0-314 

4-9 


21 

68 

0 063 

0-127 

0*270 

6-97 

w . 

11 

5-6 

0*566 

0 046 

0*840 

0-53 

11 

50 

0 0254 

0-0021 

0-930 

0-46 

(•) . 

11 

100 

0-566 

0-046 

0-840 

0-45 

11 

10*0 

0-0254 

0-0021 

0 080 

0-50 


a, P,y measared In millimola/litre. 


I 


3‘6S 


) 

} 


a>4> 


4-7S 


I 0'4a» 

I 0-4S7 


In tests (a), (6), and («) it was not praotioable to vaiy [CO] and [0|Hb] moio 
than two-fold. Except in one instance the values of m* in any one test do 
not diverge by more than 10% from their mean value. This is within the 
experimental error of the method. The last two tests, viz., (d) and (s), ahow 
that the value of m' is not signifloanfly altered by a much larger variation, 
viz., a 22-fold one, m the ooncenttation of the reagents. 

Equation (1) apparently, then, survives the test of varying [CO] and [O^Hb]. 
Two fhrther points may be noted:— 

- (i) Teats (d) and (s) provide good evidence against the kineitio appUcabili^ 
of Hill’s equation, for in the first ezpetimsnt of eseh test the rate at 
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which %COHb increased should, on the Hill basis, have been 22*'*, 
i.6., 2000 times greater than the rate of increase in the second experi¬ 
ment. Actually the relative ratios were almost 22 to 1. 

(ii) The values of m' in testa (d) and (e) are only 1/7 to 1/10 of those in 
(^)» (^)» (<?)• ^Hiis is in part due to the lower temperatum in these 

tests, but must be caused chiefly by individual differences in the heemo- 
globin in the various samples of blood. 

(II) [Og] varied; [CO], [OgHb] kept const€mt —In these circumstances, if 
equation (1) is valid, the time taken to reach any given percentage of COHb 
should be inversely proportional to [OJ, provided the latter is present in 
excess. That this is so is shown by the results of Table II, all of which were 
done by the rapid flow method. 

Table II 


[O,] in flwt to»t in iwoond tMt 


Test Temp ” C pn in moood teat 4. 

a ) . 8 10 0 2 0 2-1 

) ... 7 10-0 2-0 2-0 

(c) . 15 7-2 5-0 8-0 

(«. 7 7-2 2’0 2-0 


Each test consisted of two experiments with different [0,], but the same 
[CO], [0,Hb] values. 

A further set of tests was also done by the shaking method (Part IV). 6 oc 
of dilute 0,Hb solution were shaken in a 120 cc tonometer with the gas mixtures 
shown in Table III for periods of time directly proportional to the 0, pressure 
in the gas phase in each experiment. 


Table UI 


%COIn 

tonoineter 

% 0, in 
tonometer 

Time of ihnking 

% COHb at end 
of ihaking period 

02 

21 

mlrw 

6-00 

40-6 

0<2 

ia-7 

4-00 

48 

0-2 

10-a 

3-00 

61 

0-2 

5-2 

1-00 

60 

0-2 

20 

0-75 

62 


On the basis of equation (1), the same percentage of COHb should be reached 
in each test. Table III shows that, within the limits of experimental error, 
this is BO. 

A more detailed description is given of the final test made by the rapid flow 
method. 
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Six reagents were prepared, of these:— 


Intermediate volaines used 40 oo, 
Intermediate volumes used 56 oo, 
Intermediate vdumes used 87 oo, 
Intermediate volumes used 164 co. 
Intermediate volumes used 308 oo. 


BotdeX = 12 litres water equilibrated with a gas mixture containing 23 mm 
CO, 161 mm 0^. 

Bottle Y — 12 litres water equilibrated with a gas mixture oontaining 28 mm 
CO, 4 mm Of. 

Bottle 1 Bs 4 litres of solution 10 -f- 4 oc blood + gv mixture oontaining 
45-5 mm O,. 

Bottle 2 = 4 Utres of solution Ph 10, + 4 co blood + gss mixtute containing 
87*0 mm Of 

Bottle 3=4 litres of solution pa 10, + 4 oo blood + mixture containing 
160 mm Of 

Bottle 4=4 litres of solution pa 10, 4 oo blood -|- gas mixtute oontaining 

440 mm Of 

An observation tube 20 cm long was used and glass tubes with volumes 
ranging from 40 cc to 483 cc were inserted between the mixing chamber and 
the observation tube, according to the speed of the reaction being measured. 
Thus in Table IV- 

Experiment a = bottle X + bottle 1. 

56 CO. 

Experiment 6 = bottle X + bottle 2. 

87 CO. 

Experiment e = bottle X -f- bottle 3. 

164 cc. 

Experiment d — bottle Y + bottle 3. 

308 ca 

Experiment e = bottle Y + bottle 4. 

483 00. 


Table IV—«, P, y in millimols per litre, pa 10, temperature 12° C 


Experiment 

a 

fi 

y 


(a) . 

0 0U9 

0 00378 

0-007 

0-38 

(6) . 

0 0149 

0*00378 

0*103 

0*47 

(el . 

0 0140 

0 00878 

0*168 

0*44 

(4) . 

0 OHO 

0 00378 

0-333 

0*40 

(•) ■—. 

0 0149 

0 00878 

0-638 

0-43 


Afenge. 0*41 
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The values of m' are seen to be the same within experimental error, oven 
though [OJ was varied about 11-foId. This strongly supports the validity 
of equation (1) as regards the effect of varying [0 

The residts of Table IV are, on the other hand, particularly difficult to 
reconcile with Hill’s equation. For, according to the latter, the rate of the 
reaction would be expected to vary as l/[Og]". Taking n =3 2-5, this would 
mean that in experiment (a) of Table 1V. the rate of the reaction should have 
been about 130 times faster than in experiment (e). Actually the rate was 
only 10-2 times faster, which agrees well with equation (1), on the basis of 
which a factor of 11 *2 times would be expected. 

The general result of all these testa is, therefore, that over the range 
6*0-10'0 the rate of the reaction is satisfactorily fitted by the equation 

d [COHbJ/dt = !?'[C0] [0|^ . 

Table V 

m' at pB in question 


Experiment pu m' at pa 10 

(а) 50 1*32 

0-8 1*41 

6«9 0*80 

7*S 1*04 

10*0 100 

(б) 7*4 1-37 

9-0 1*00 

(c) .-S-O 1*02 

10*0 1*00 

((1) 7-4 0-85 

10-0 1-00 

(e) 0*2 1*36 

too 100 

if) 0*3 1*65 

100 100 


D —Effect of Pb tutd Temperature upon m* 

(i) Ph—E zperitaente (d) and (e) of Table I wete both done on the same 
sample of blood and show no appreciable effect otpa upon m\ In the majority 
of snoh teats, however, the vahie of m' in the pa range 6-7 was found to be 
somewhat greater (vis., about 30-40%) tiian in the range pg, 7-10. In Table V 
the ratio of m' at each pa to its value at pg 10 (on the same blood) is given, 
so as to make the oomparison as easy as possible. 
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, Tlie relatively alight effect of pa was nnexpeoted and will be diacaased again 
in (3. 

In moat of the experiments the O^Hb was simply diaaolved in tap water 
(Pb 7 *4) and the was controlled by the addition of buffets to the CO solution. 
Controls in which the buffers were equally distributed between the 0|Hb 
and the CO eolation gave the same value for m'. This shows that the rapid 
ionic changes which the haemoglobin suffers when mixed with the vaiions 
buffers are without influence on the observed value of m'. For further 
discussion of this matter, reference should be made to an early paper, by 
Hartridge and Houghton (1923, b, p. 423). 

(ii) The Effect of Temperature —^Hartridge and Houghton (1928, a) calculated 
the temperature coefficient for their velocity constant Jt,, which was based on 
the kinetio equation d [COHbJ/cft = ib, [CO] [OjHbj. 

Unfortunately, however, they did not know at that time that the velocity 
of the reaction was also inversely proportional to the concentration of dis¬ 
solved 0|, and since there is no certainty that the latter was the same in their 
experiments at different temperatures, the temperature coefficient determined 
by them is not necessarily equal to that of m', the velocity constant of the 
present paper. Preliminary experiments, at pa ^*6, show that the tempera¬ 
ture coefficient of tn' may indeed be distinctly higher than the value given by 
Hartridge and Roughton for that of their but fturther investigations are 
needed. 

Section 2—The Bate or Displacement or Cabbon Monoxipe fbok 
Combination with HiEMooLOBiN by Oxygen 

A— Experimental 

In the case of this reaction some further experimental information is 
desirable. 

Most of the experiments were done with the moving fluid metiiod; very 
dilute solutions of oarboxyhsmoglobin (1 part blood to 1000 or more parts 
buffer solution) were mixed with equal volumes of oxygenated water (in 
equilibriam with gas phases contammg 1 atmotythere or more of oxygen). 
Such amounts of dissolved 0, are sufficient to cause the %OOHb to 
drop flom an initial value between 90 and 100% to a flnal valup between 30 
and 40%: this gives sufficient range for observations at intermediate per* 
centoges to be made. Further details as to the preparation of the solutions 
are given m Part IV. 
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The mixed fluid passed through suitable intermediate volumes, and thence 
-through a 20-om observation tube of the type figured by Haitridge and 
Houston (1926, fig. 2). Herein were made determinations of %COHb in 
the runni]^ fluid. In most tests the fluid took rather less than 1 second to 
traverse the observation tube; this time is very short compared with the 
half-period of the reaction at room temperature, so there should have been no 
.apimoiable heterogeneity error duo to the reaction having proceeded further 
in some parts of the spectroacopic fluid under observation than in others. 

The observation tube was wrapped in silver paper, so as to collect as much 
light as possible on to the spectroscope, which was carefully clamped, so as not 
to shift relatively to the tube. As source of light a 60-watt Opalite lamp was 
used. Controls showed that if the lamp was placed at least 20 cm from the 
observation tube, it did not cause any appreciable photochemical dissooiation 
of COHb in the fluid whilst traversing the tube. This is a necessary pre¬ 
caution, since, as is well known, light displaces GO from combination with 
luemoglobin in favour of 0|; this effect is very pronounced in dilute solution, 
for a given decrease in %COHb produces a correapondingly smaller increase 
in [CO] than in strong haemoglobin solutions. 

B— Te$U of the £gruation for the Reaction 

Equation (10.2) of Fart lY, if rearranged as regards signs, runs 

- d [COHb]/* = m [COHb] - . 

This eqoatioa has been tested with sstufactory results ia the present reactioa 
also. 

In order to got dear out results it is obviously desiiablo, if possible, to use an 
{0,] high enough for the back reaction term, i.e., — m' [CO] [0,Hb]/[0s], to be 
negligible in comparUon with the rate of dissooiation of COHb, for under such 
oonditionB the simple equation d [COHb]/* = — m [COHb] should be 
applicable. 

The easiest way to test whether our ideal has been achieved is to raise the 
XO,] further, and then see whether any increase in the observed rate of dis> 
sociatioa of COHb ooours. If no appreciable increase is noticed, then it may 
be concluded that in both oases the [OJ is high enough. 

The test is thus exactly like that used by Hartridge and Rongbton (1923, 6) 
in their work on the rate of dissooiation of O^b in the presence of Ka^fO,. 
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they riiowed that above a certain [Na^i 04 ] the rate of diaaooiation of 
OfHb waa not increased, and therefore that in the two stage ptooesa 
0|Hb -»0 j + Hb, followed by 0| + Na,St 04 -*■ oxidation products of Na^ 404 , 
the second step occurs so much faster than the first that the overall rate of 
dissociation of 0 |Hb is simply proportional to the [ 0 |Hb], without any com* 
plication due to any back reaction between 0( and Hb. 

In the present paper, GOHb takes the role of the O^Hb, and O 4 takes tho 
role of the Na|S |04 in the 1923 paper. 

(i) A Typical Experiment —In fig. 2 are plotted the results of experiments at 
Pb 6*3 (phosphate buffer) and at pn 10 (ammonia-ammonium chloride buSer)> 
At each p^ two different values of [OJ in the mixed fluid were used, vis.:— 

(а) Partial pressure of dissolved O 4 (».e., pO^) = ^ atmosphere. 

(б) pO| = 1 atmosphere. 



(«) ( 6 ) 

Fia. 2—Eileot of varying oxygen conoentration upon rate of dlnooiation of earboxy* 
hiemoglobliiat(a)|)H6*3and(6)10'0. O i atmoeidMrepOi; X, 1 atmospherepO|. 

It will be seen that at each ps the rate ot dissociation of COHb oocurs rather 
fhster at the higher [0|] than at the lower [Og], so that our ideal has not 
been realised. The discrepancy between the two rates is, however, small 
enough for a rough extrapolation to the ideal condition to be carried out 
as follows. 

The slower rate of dissociation of COHb, when pOg | atmosphere is duo 
to the greater velodty-of the bock reaction between CO and Hb. According to 
Section I, the velocity of the back reaction »ta' [CO] [0^b]/[0g]. Therefore, 
in fig. 2 , the back reaction rate between t» 0 and (■> 70 seconds should be, 
with sufficient accuracy, twice as great when pOg « ^ atmosphere, as when 
pOg » 1 atmosphere, i.s., the back reaction rate for pOg 1 atmo^here 
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(back reaction rate for pO| = ^ atmosphere — back reaction rate for pO^ ^ 1 
atmospbere). Since for 


jbO, = i atmosphere [COHb] = 62% 
pOf = 1 atmosphere [COHb] = 69% 


at 70 seconds 6*3. 


It can readily be seen that in the ideal case when the [0 J becomes so large 
that the back reaction between CO and Hb is negligible, the [COHb] would 
tend to the value 69—(62— 69), ».e., 66%. 

The true value of the velocity constant m should then be given by: — 


i.e., 


j [COHb] at t = 0 
[COHb] at t = 70 


= «i X 70, 


m = 0-0066. 


(ii) Four Testa of the Equation — d [COHb]/(ft = m [COHb]—(o) Log [% 
COHb] plotted against time should give a straight line. Fig. 3 diowa 
that this is true within the limits of experi¬ 
mental error. Unfortunately, however, the 
points all fall within a range (viz. 90-66% 

COHb) where the reversion spectroscope is 
not very accurate. The precision in the 
value of m is hence only ± 20%. 

{b) The value of m shoold be independent 
of the initial %COHb. In one ex¬ 
periment at pn 10, temperature 14° C, 
the initial [COHb] = 86%, [COHb] == 

64% at 82 seconds—^whence m ss 0-004. 

In a second experiment at the same pa 
and temperature and with the same blood the initial [COHb] » 34%, [COHb] 
s 26% at 82 seconds—whence m => 0-0036. 

These two values of m agree with one another within experimental error in 
spite of the large difference in the initial %COHb. 

(o) The rate of change of % COHb should be independent of the total 
Hb concentration. This occurred in two experiments of which the first was 
done by the present technique on blood diluted to 1 in 2000, whereas the 
second was done by the shaking method (described later) on the same blood 
diluted 1 in 60. The rate of change of %COflb was roughly the same in the 
two experiments. 



Fio. 3—Test of unimoleonlaii^ of 
reaction. 
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(el) Ck>mparison of the rates of the vdocity constants with the equilibrium 
constant of the reaction. A further test of the equation proposed for the 
present reaction, and of that proposed for the displacement of Og by CO from 
hsemoglobin in the previous section is that the ratio of m' to m should be equal 
to M, the equilibrium constant of the reaction.* 

Four such tests were made, and are summarized in Table VI. Experiment 
A was done on one sample of blood, and experiment B on another. 

With the exception of the ^ ^ ^ experunent B the agreement between 

m^fm and M is within the limits of experimental error: the discrepancy in 
this one test may perhaps be due to some chance error in the measurement of 
m or mf. If this doubtful test is excluded, the average value of the ratio 


m'/m to M = 1*02. 


Table 

m' 

VI 

tn 

m'fm 

M 

m'fm M 

Szperiment A— 
Ibmpentara 18° C ... 

6-2 

105 

0 0107 

182 

198 

0-92 

no 

1-60 

0*0083 

181 

221 

0*82 

Bmrlnient 

^mpemture 16° C .... 

6 2 

2 00? 

0 0078 

370? 

207 

1*78? 

10-0 

213 

0*0091 

284 

177 

1*32 


In general it may be concluded that within the rather wide limits of experi¬ 
mental error of the present observations, the rate of dissociation of COHb in 
presence of excess of 0| does conform to the equation 

= -wCCOHb]. 

at 


C —The Effect of pg and Temperature 

(i) The Effect of pg —The efFeot of Ph ^ very slight, as may be seen by com¬ 
paring the values of m at Pb ^' 2 and at pu 10 in Table VI. 

In experiment A the ratio of m at pa 6*2 to m at pa 10 = 1*29 

In experiment B the ratio a= 0*86. 

In a third experiment the ratio » 1 *14. 

aided la proof, June 20, 1034 —id wm obtained in the loilowing way : dilute 
0|Hb lolutioo was sh^n with a series of gas mixtures oontsiaing suitable known 
pmsuree of CO and O^. The %COHb, when equilibrium had been reached, was 
meaaured by the reversion speotrosoope. M is then given by the average value of 
lOJ [COHb]/[CO] [0,Hb]. 
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The neameaB of the average value of the ratio, viz., 1*10, to unity zhom 
that the effect of p^, if any, is within experimental error. The reaolt will be 
disonased farther in the next section. 

(ii) The Effed of Temperature upon m —^The study of this factor is not yet 
completed,l>ut the results so far indicate a rather high temperature coefficient, 
viz., of the order of 4 per 10° C. 

D —Prdimimry ExperimetUe vUh the ShaJeing Method 

Description of Technique —One part of blood is diluted with 40-200 parts of 
buffer solution, and shaken with a suitable pressure of GO so as to saturate the 
hemoglobin, without having an appreciable amount of CO present in physical 
solution. 

6 cc or more of this solution is then introduced into a tonometer containing 
an oxygen gas mixtare; the volume of the gas phase in the tonometer should 
be at least 100 times greater than that of the liquid phase, otherwise the 00 
which dissociates &om the Hb and escapes into the gas phase will mount to 
too high a pressure. The tonometer is at once violently shaken for a known 
period, at the end of which the tonometer is stood vertically, and the blood 
solution run out as quickly as possible iqto a glass trough. The %COHb 
is then determined at leisure by the reversion spectroscope. Whilst the solution 
stands in the trough, there is a furthtt alight fall in %GOHb owing to the 
system proceeding to equilibrium in the liquid phase between the Og, CO, and 
Hb in solution. Calculation, however, shows that usually this correction is 
not more than 2% COHb with the stronger solutions of hnmoglobin used in 
the present method. 

Practiedl Applioation cf the Method —(i) It has already been mentioned that 
the ahslnTig method and the moving fluid method give concordant results over 
the range 90-70% COHb, wherein the correction for the back reaction is in 
both methods slight. 

As an example of the application of the method, the following experiment 
may be quoted. 

30 00 of CO-blood solution (1 in 40). p^ 10, temperature 14° C, were shaken 
in a 4-litxe tonometer with a gas mixture containing 0| at ptessore of (a) 350 
Tnin Hg, (b) 960 mm Hg. After 4 minutes shaking the percentage of COHb 
was in (a) 43%. 

The collection for the farther change in pereentags of COHb whilst the 
solution stands in the trough is, in this test^ only 0*6%. The true value of 
the [COHb] at the end of shaking was therefoie 43*6%. 
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In (b) the observed figure was 37% and the final oorreotion figure 39%. 
The oxygen gas phase and the shaking are, in this example, not quite sufficient 
to permit the dissociation of COHb to proceed unopposed. Extrapolation to 
the ideal condition can, however, be made in the same manner as before, the 
figure BO obtained is 39 (43-5 — 39) x 350/(960 ^ 350), i.e., 36-6%, and 

the value of m 0*0040. 

(ti) The method has also been applied in two teats to a ausponsion of unlaked 
ootpusolea. No difierence could be found in the rate of dissociation of COHb 
whether the corpuscles were laked or unlaked. Use of this observation has 
already been made elsewhere by the writer (Roughton, 1932) in working out 
the joint effects of diffosioa and of chemical reaction velocity in the red blood 
corpuscle. 

Beotion 3 

A—^The fact that the two reactions studied in this paper conform to the 
equation 

d [COHb]/<ft -= _ m [COHb] 

[OJ 

both u regards their Telocitios and their equilibrinm is most readily explained 
by tibe hypothesis that the complete reactions really consist of a series of pairs 
of reactions; 

Hb^Oj ^ Hb^Of 0 , I 

HbjO, + CO ^ Hb40,(C0) I 
Hb40,(C0) ^ Hb404(C0) + 0, ) 

BbiOtiCO) + CO^ Hb 404 (C 0 ), J 

Hb 404 (C 0 ), ^ + 0 , ) 

Hb 40 ,(C 0 ), + CO Hb 40 ,(C 0 ), I 
Hb 40 ,(C 0 ), ^ Hb4(CO), + 0, | 

Hb4(CO), + CO Hb4(CO)4 i 

and that the simplest Langmuir principles apply to all these constituent 
reactions. This idea has already been developed at the end of Part IV, 
to which reference should be made. In this oonneotion one related point 
may be emphasized. The equilibrium between oxygen and luemof^obin, on 
the general intermediate compound hypothesis, is given by the equation 


%OJib ^ K,p + 2K.K4ja> + SK.K^.l>» + 4K.K.KJC4»* 
100 4 (1 +E,p + KtKtP* + + K,K,K,K«p*) * 
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vhere K], Kj, E 4 are the respective equilibrium constants of the inter¬ 
mediate reaotioiiB, and p [0|]. At high [O^] this equation reduces to the 
simplified form 

[Hb][OJ 

isB.f on the intermediate compound hypothesis the dissociation curve should, 
at high values of [ 0 ^], tend to become a rectangular hyperbola, even if it is 
S-ahaped at lower values. This consequence has never been verified by direct 
experiment, although indirect confirmation is given by the facts recorded in 
Tables II, III, and IV of Section 1 , namely, that at varying high [OJ, but 
constant [CO] and [O^Hb], the rate of displacement of O 9 by CO is over a 
wide range inversely proportional to [O^]. 

B —The Effect of pn- 

In both reactions the relatively slight effect of Pq is anomalous and needs 
further discussion. 

(i) The Effect of on m *—On the general view that the displacement of 0, 
from combination by CO involves first of all dissociation of an molecule 
from hiemoglobin and then a combination of CO with the gas-group so set 
free, it was at first surprising to find that m* was not markedly larger in acid 
solutions. For the affinity of Og for mammalian luemoglobin is as a rule 
much smaller in acid solutions, and hence there should, at given [Og], be far 
more free gas-groups available for CO to combine with than in alkaline solu- 
tions. 

On the intermediate compound hypothesis, however, it is not essential that 
tn' should be largely affected by p^. For on this view 



where = velocity constant of any of the reactions 

C0 + Hb40g-^HbA (CO) 

CO + HbgOg (CO) -^HbgOg (CO)g 
CO + HbgOg (CO)g HbgOg (CO), 

CO + Hb^ (CO)g Hbg (C0)4 

Eg has already been defined, and oonsideration soon shows that previous 
data give no infonnatioa os to how and Kg are affected by p^. 
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Thus the reaults in Part V on the rate of combination of CO irith ftany 
rednoed Hb dearly do not tell ua anything abont any individual velocity 
constant in the chain of the reactions of the intermediate compound theory. 
We cannot be sore that the value of ^4 does not decrease in add sblutionB and. 
thus counterbalance the effect of any decrease in K 4 upon the value of 
i.e., m'. 

Furthermore, although the dissociation curve of OiHb is greatly shifted by 
acidity, this does not necessarily mean a large effect on K 4 . For, in the general 
equiUbrium equation of the intermediate compound theory, the terms K|K|p^- 
and KiKfKap* are as a rule found to be unimportant aa compared with the- 
KjP term and the KiE 4 E,E 4 p* term, especially the latter. As long as 
and KxE 4 KsE 4 decrease largely with inoreanng acidity, the requisite effect 
of acid on the dissociation curve is explicable. Now a large decrease in Ej 
and in E 1 E 4 K 4 E 4 does not necessarily involve a large change in E 4 . Thus 
until some independent method is available for measuring {'4 and E 4 (for 
suggestions in regard to the latter see the discussion by Forbes and -Roufditon 
(1931)), we cannot on the intermediate compound theory predict, with any 
safety, what effect should have upon m'. 

There is also another possible explanation raised by some experiments given, 
in a later paper of the praent series. When an 0| molecule dissociates from 
Hb 4 and is replaced by GO under the conditions of the present paper, the length 
of time during which the combining group of the Hb 4 molecule so ooncemed is 
free, t.e. not combined either with 0| or CO, mnst be very short, %.e. of the order 
probably of 1 /lOO second, as suggested by rough calculation. It is oonoeivablo 
that there may be a quick equilibrium between oxygen and bnmoglobin, 
which differs from the usual slow equilibrium observed in enrve- 

experiments with tonometers, owing, possibly, to some tantomerio ohangu 
occurring after the quick equilibrium is reached. If this were so, then the- 
effect of ph QpOQ such a quick equilibrium might well be different from its 
traditional effect on the ozylusmoglobin dissooiation onrve. The matter 
will be raised again in Part YII wherein another possibility of a niwiilsT kind 
wiQ be discussed. 

(ii) The Effect afpson m—If m' is but little affected hjpa, and the some i» 
also true of the equilibrium constant of the reaction, M (aa has already been 
shown by numerous iuvestigaton and oonffrmed by ua over the pg. range- 
6’6-10’0), then sinoe m'/m k M, it -would be e 3 i]>ected that m abnnld be like¬ 
wise but little affected, as is shown to be the case in Section 2 . 

From another point of view, however, the di^t effect of pg upon m is. 
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snrpruing. The rates of oombinatiozi both of and of CO with Hb are only 
slightly dependent on Pq, but the O|-diseociation curve and the CO-diBaociatioo 
curve of hemoglobin are both markedly affected by Pq, and so also according 
to Hartridge and Roughton (1923, b) and Millikan (1933) is the rate of dis¬ 
sociation ef OgUb in the presence of sodium hydrosolphite. Since the CO 
reactions with Hb are so closely parallel in every way to the 0| reactions, it 
might well be expected that the velocity of dissociation of COllb would be 
greatly affected by p^, just as is the velocity of dissociation of 0,Hb in presence 
of Na 28 g 04 . 

There is, however, an important difference between the two cases. When 
oxyhsemoglobin dissociates in presence of Ka^S^O^, the Hb^ molecules, on the 
intermediate compound hypothesis, pass successively through the stage of 
having aU four of their gas combining groups saturated to the zero stage in 
which none of these groups are saturated. But when carboxyhscmoglobin 
dissociates in the presence of excess of oxygen, the Hb 4 molecules would 
never have, in appreciable degree, less than three of their gas combining 
groups occupied by 0| or CO, and for the moat part would have all four of the 
groups occupied by one or other of these molecules. It is possible, as already 
suggested in discussing the relatively alight effect of pn upon m', that the effect 
of Ph upon equilibria and velocity constants may only show itself, when there 
is present an appreciable amount of hsomoglobin with less than three groups 
occupied by O# or CO. 

Very accurate observations on the CO-Hb dissociation curve at the extreme 
top (say, between 98 and 100% COHb) if carried out at different p^’s should 
throw light on this point as regards equilibria. Preliminary calculation has 
shown that the necessary accuracy might be reached if relatively largo volumes 
of completely saturated CO-Hb solution were shaken with relatively small gas 
phases and the amount of CO evolved into the gas phase at equilibrium were 
then measured by a modification of the methods used by Forbes and Roughton 
(1931). It is hoped later to test this proposal. 

As regards velocity constants the idea could be conceivably tested further 
in two ways. 

(a) If some suitable reagent could be found, which would combine with 
dissolved CO, without reacting directly on the hwmoglobin, then the rate of 
dissociation of COHb could be observed under the same conditions as the 
rate of dissociation of OfHb in presence of Na,S 204 has been observed, and it 
would then be most interesting to see whether the effect of pa wimilar to 
its effect in the latter test. 
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Unfortunately, however, the type of reagent available for the purpoaes, 
each aa that used for absorption of CO in gas axudysis, is harmful to the hffimo- 
{^obin. 

Some preliminary experiments at pn 10 have been carried out on the rate of 
dusooiation of carboxyhnmoglobin in presence of fenicyanide. According 
to Oonant (1923) there is no direct action of ferrioyanide on COHb or 0|Hb, but 
dissociation occurs as a result of a two stage process, vis., COHb CO + Hb 
foUowed by Hb + ferricyanide -►MetHb. 

The actual rates of dissociation were observed to be about 50% faster than 
the rate of dissociation of COHb in presence of 0^. This method, however, 
can scarcely be held to be suitable for our purpose. For on the intermediate 
compound hjrpothesis, wo must assume that there also exist compounds 
intermediate in composition between that of fully reduced hmmoglobin and 
that of methonnoglobin. During all but the earliest stages of dissociation 
of CO there may be in existence haemoglobin molecules in which one or more 
of the combining groups is combined with CO, one or more of the groups is 
free, and one or more of the groups is turned into a methaemoglobin type of 
group. 

There is no reason to suppose that the rate of dissociation of CO from a 
hflsmoglobm molecule of this triple character would be the same as from a 
haamoglobin molecule, with its combining groups either free or only occupied 
by CO. 

(b) If, in the displacement of Og by CO from Hb, the concentration of CO 
could be raised, and that of 0 , lowered, enough for the rate of the two-stage 
process to be governed not by the second step, i.e,, the rate of combination of 
€0, but by the fiist step, i.e., the rate of dissociation of 0, from the hemo¬ 
globin molecule, then it might be possible to find out whether the rate of 
dissociation of the first of the four 0 ^ molecules, which is combined with the 
hemoglobin molecule when the latter is saturated with 0 |, was insensitive to 
pB just as is apparently the rate of dissociation of the first CO molecule. A 
preliminary experiment of this kind was tried, and only slight difference was 
observed in the rate of decay of the percentage of oxybemoglobin at Pq 6*0 
and 10 - 0 . Unfortunately, however, the conoentrationB of CO and of 0^ could 
not with the apparatus available be so regulated as to ensure that the first 
step of the two-stage process was the sole governor of the rate of the whole 
process. It is hoped to make some further attempts along this line. 

One further point may be mentioned in conclusion, still aMuming the applic¬ 
ability of the intermediate compound hypothesis. If the first of the four 00 
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moleoules combined in 100% oarboxyhflBmoglobin dissociates at a rate almost 
independent of whereas the complete dissociation of all four GO molecolea 
(when carried out in a manner analogous to the dissociation of oxyhsmoglobin 
in the presence of NsgSgOi) dissociates much faster in add than in alkaline 
solution, then the only remaining explanation would seem to bo that some or 
all of the CO molecules, which dissociate after the first one, must do so much 
more quickly in acid pn than in alkaline solution. 

SUMHABT 

1— The velocity with which CO displaces 0^ from combination with luemo- 
globin is expressible by the equation: 

d [COHb]/«ft = 

L^iJ 

over the first half of the reaction, during which the velodty of the back reaction 
is negligible. The equation was tested with a wide range of concentrations of 
each reagent and found to bo valid, is but slightly affected by Pq, and 
the quantitative results accord with the intermediate compound hypothesis 
of Adair, rather than with Hill’s equation. 

2 — The velocity with which 0, displaces CO from combination with hasmo- 
globin conforms to the equation 

- d [COHb]/* = m [COHb] - . 

The value of m caa be calculated from experimeots at two different values of 

[OJ. 

It is found that, within experimental error, m'jm = M, where M =» the 
eqnilibrium constant of the reaction CO -f- 0,Hb O, COHb. m also is 
but slightly affected by pa- 

3— The relatively slight effect of pa both on m, and on m', was rather un¬ 
expected, but its theoretical implications are discussed at length. 
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APPENDIX 

CoMPABiBON OP Results odtahted by several Independent Methods fob 
Measubino the Rate of Displacement of Oxygen from Combination 
WITH Hauioglobin BY Cabbok Monoxidb 


A —The Light ’’ Method and the “ Mixing ” Method 

Hortridgs and Roughton's earliest work on tTiia reaction (1923, a) ante¬ 
dated their invention and application of the mixing-chamber technique. 
Instead, they irradiated a dilute solution of GOHb (containing also muoh 
dissolved 0^) with light of strong intensity, thus causing the combined CO to 
be replaced by Og. In the dark the system returned to its original condition 
and observations on the rate of return were made by— 

(i) A flow method^ in which the solution after passing through a brightly lit 
tube emerged into a darkened tube, at various points of which the 

• %C0Hb was determined in the running fluid. 

(ii) A eUiiionafy mdhod. In this the irradiating light intensity was suddenly 
much reduced, and observations were made on the rate of shift of the 
a-absorption band in the spectrum as the system returned to the COHb 
condition. Fuller details of the method are recapitulated below. 

The numerical results of the present paper by the mixing methods agree 
well with those obtained by the original light ” method ; to clinch the matter 
it is necessary to compare the results, by the two methods, on lisemoglobin 
prepared from the same blood and with identical values of [CO], [Og], and 
[OgHb]. The details of this test were as follows: bottle A contained a solution 
of CO, and bottle B a solution of Hb prepared in the usual way, the concen¬ 
trations of the reagents being so adjusted that the time required for the resultant 
reaction to proceed to half completion was about 5 seconds. The two bottles 
were then connected with a mixing apparatus having an observation tube of 
12'8 mm diameter. The spectroscope was then set at a very short distance 
from the mixing chamber with the micrometer screw so adjusted that the 
a-bands of a solution of COHb would be in exact alignment, and the taps 
of the two bottles turned on. Whilst the solution was running the percentage 
of COHb was practically nil, and the a-bands in the two spectra therefore 
appeared quite out of alignment. The two taps were then suddenly turned 
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oft at the same instemt. As the reaction proceeded in the stopped 
fluid the two a-bands moved relatively to one another till finally at an 
instant reported by the observer they appeared in aligument with one another. 
The time taken from the instant at which the taps were turned off to the 
instant of correct alignment was noted, by means of a stop-watch. The 
following times were obtained in a series of readings in one experiment: 
7-4, 8-6, 8-2, 9*2, 8*2, lO'O, 10-6, 8-0, 8*6, 8-2, 9-2 seconds, average = 8-8 
seconds. 

The intensity of light passing through the solution was now increased 100-fold 
by means of the technique described in an earlier paper (Hartridge and Kough- 
ton, 1925), the solution in the observation tube being still that remaining at 
the end of the above experiment. The strong light intensity caused the 
whole of the CO to be displaced from the Hb, and O^Ib to be re-formed. 
At a suitable instant the intensity of the light passing through the 
solution was suddenly reduced 100-fold (t.e., to the same value as 
prevailed during the movement of the bands in the former experiment), 
thus causing the displacement of 0| from Hb by CO to occur once 
more. The time taken by the bands to come into alignment was measured 
as before. The readings obtained were 8’8, 7*9, 6’8, 7’2, 11*0, 7-8, 7, 8-8, 
7-8, 9-2 seconds, average = 8-3 seconds. The agreement with the previous 
figure, 8-8 seconds, was as good as could be expected. A similar comparison 
of the time taken by the solution to reach 56% COHb gave 4-0 seconds by the 
mixing method and 4-6 seconds by the light method. 

The agreement between the two methods is not only satisfactory &om the 
technical point of view, but also serves to answer a possible theoretical objection 
to the light ” method. In the latter it is assumed that the chemical effects 
of the strong light disappear at the moment at which the light is interrupted, 
and that there are no photochemical aftor-eflcctA " such as ore known to occur 
in certain reactions. For this assumption, there was at the time of the earlier 
paper no independent evidence. The result of the preaent test, however, 
shows that such photochemical " after-effects,” if they exist, arc negligible 
in their effect as regards the velocity of the reaction under examination. 

B—C'ofnjWfwon of ResuUs obtained by the** Flow ” Method and the 
** Stationary ’* Method 

In our earlier paper (Hartridge and Houghton, 1923, a) we compared the 
results obtained by the ” stationary ” method with the results obtained by the 
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** flow ” method, which has ainoe become a basal feature in the measurement of 
rapid reactions. The hsmoglobin, however, was not prepared from the same 
sample of blood in the two tests. We therefore thought it desirable to repeat 
the oomparison with identical conditions in each experiment. It was found 
that the time required to reach 26% COHb when mixing was followed by the 
usual flow method was 1 <7 seconds, whereas when mixing was followed by the 
stationary method just described, the average time was 1-8 seconds. This 
agreement is within the limits of experimental error and so confirms the 
reliability of both methods. 

C —Comparison of Flow Method and Shaking Method 

In the flow method— 

Bottle A = blood 1 in 1000, pn equilibrated with gas mixture containing 
760 mm Hg 0^ pressure. 

Bottle B = water equilibrated with gas mixture containing 10 nun CO 
160 mm 0,. 



Fig. 4.—Comparison of flow method, 0, and ahaking method, x. 

In the shaking method— 

6 oc of blood solution, py 10, was shaken in a tonometer with a gas mixture 
containing 7-6 mm CO, 460 imn Og. The result is shown in fig. 4. During 
the first half of each process, in which the concentrations of dissolved [CO] 
and dissolved [OJ are about the same, the two methods check satisfactorily; 
during the latter half the shaking method gives higher results, but this is due 
to the fact that the final equilibrium percentage of COHb was about in 
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higher in the shaking experiment than in the flow experiment, which latter 
was, conaeqaently, slowed by the back leaotioa at an earlier stage. 

It may thus be concluded that all these varied methods give oonoordant 
results for the particular reaction in question. This confirms our confidence 
in the general validity of the experimental technique used in this and in other 
papers of this series. 


612 . Ill. X4 

The Kinelica of Hcemoglobin VII —Some Notes on the Reacliviltf 
of Freshly Reduced Hmnoglobin 

By F. J. W. Rouohton 

(Communicatod by H. Hartridge, F.R.S.—Received February 2, 1934—Revised 

April 17, 1934) 

Iotboduction 

Various results, which are anomalous from the theoretical point of view, 
have been described and discussed in our previous papers, notably in those 
dealing with the displacement of 0, by CO from combination with hssmogiobin, 
and vice versa. The fact that these anomalies were specially found where 
dissociation of I molecule, e.g., of 0| from hemoglobin, is quickly followed by 
combination with another molecule (e.p., of CO), so that the group in the 
hemoglobin molecule concerned only remains free for a very short time, 
suggested to us the possibility that such freshly formed and short lived groups 
might difler in reactivity from that of the same groups, when allowed a longer 
period of life before meeting the second reactant. 

For the sake of brevity such freshly-formed and shortly-lived molecules 
will be referred to as " new ” molecules, whilst the molecules with which they 
are to be contrasted in activity will be called “ old.” 

Hartridge and Houghton (1926) have already pointed out that by using 
a number of their mixiug chambers in scries, the reactivity of transient inter¬ 
mediate compounds can be detected and followed. Such technique, which 
will be deaoribed more fully l>elow, has been applied to several types of hemo¬ 
globin reaction, and though in most experiments the results have been negative, 
there were two reactions in which the results were consistently positive: 

(a) The rate of oombixiation of CO with new,” as compared with “ old ” 
reduced Eb at alkaline ^ temperature. 
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(6) The eqaiUbrium between Of and *' new,” as oompaied with “ old ” Hb 
at aoidpB* 

Skotion 1—^Results 

A— The Readivity of CO with “ New ” and “ Old ” BcmoglMn 

The experimental arrangement is shown in fig. 1, four large stonewara 
bottles A, B, C, D were half filled with the following solutionB:— 

A—^Water free of dissolved Of, to which had been added completely reduced 
blood (1 part blood to 15-26 parts water), a dilute solution of 
completely reduced blood. 

B—^Aerated water + the same proportion of the reduced blood used in A, 
the blood, however, being reoxygenated before being mixed with the 
water. 

C—0-4% Na,S,04 solution made up in ammonia-ammonium chloride buffer 
Ph 10 , or phosphate buffer ps 0*6. 

D—^Water containing a suitable amount of dissolved CO. 



Re. 1—Airangemont for mraauring rate of oombination of CO with ** old ” and “ now ** 

reduoed homoglobin. 

The leads from A and B were joined by a T-piece, the stem of which connected 
with one inlet of a mixing chamber M|. 

The second inlet of was joined to 0, whilst the outlet of Mj was connected 
by a variable length of tubing to the inlet of a second mixing chamber Mg. 
The other inlet of M| was joined to D. By applying compressed gas to A, B, 
C, D, and opening tiie appropriate clips on the leads issuing from them, either 
the combination A + C + DiOrB+C + H v** caused to run, and the rate 






The Kinetics of Hamogkbin 


497 


of formatioQ of OOHb determined in the osiud way by spectioscopio obaerva- 
tion upon the flnid iasning from Mg into the observation tube O' attached 
thereto. With the combination A -{- C + D, the rate of the reaction GO -|- 
“ old ” Hb is measured, whereas with the combination B + G -{- D the rate 
of the reaction CO +“ new ” Hb is measured, the “ new ” Hb being that which 
is freshly formed by dissociation of the OsHb. The volume of tubing con¬ 
necting Ml to M| was adjusted so that there was just time for the O^Hb to 
be almost completely reduced before reaching M^. At room temperature the 
time allowed between Mi and Mg was usually about 0*2 second, but in some 
experiments this was shortened to 0*1 second. 

An alternative method of doing the “ old ” Hb experiment is to dispense 
with the bottle A altogether, and to insert a by-pass of much larger volume 



Fio. 2—DifTerenoe between rate of oorebination of CO with “ new “ and " old ’’ reduced 
haeinoglubm at pu 10. 

between Mi and Mg,* t.e., so that the " time ” between Mg and Mg, if this route 
is taken, is at least 2 seconds. In practice experiments were carried out by 
both methods. 

Where possible, it was arranged that the observer, who took the spectro¬ 
scopic readings on the fluid moving down the observation tube was ignorant 
of whether he was examining the ACD combination or the BCD combination, 
and his actual readings were taken down for him without his knowing what 
they were. 

The results of one such experiment at pa 10, room temperature ciroa. IS** C 
is shown in fig. 2. The difference between the reaction velocities is well out¬ 
side experimental error, the ratio of the velocity constant for the CO -f " new " 
Hb reaction to the velocity constant for CO -j- old ” Hb reaction being 


498 


F. J. W. Houghton 

about 2 . The 6ual per cent (X)Hb reached after BeTeralBeooiidBwai,ho«ev€irr 
the same in the two ezperimente. 

Four mmilftT experimentB on other samplee of blood at ihe same Ph ud 
temperature gave valnee of the ratio of 2, 1*7, iS*9, 2*5, whence the average 
value = 2-2. 

At Ph cmd 33° C, however, the two reaction velocitiea agreed with one 
another within experimental error. 

Two experiments at pu 6*6 and at room temperature gave VflJues for the 
ratio of 1-0 and 1*2, mean = 1-1. This discrepancy is not outside the limits 
of experimental error. 

As mentioned already, the time, daring which the Na^i 04 was allowed 
to act upon the oxyhesmoglobin before the mixing with the dissolved GO 
ocGorred, was arranged to be sufficient for practiccJly complete dissociation of 
the O^Hb. If, however, the dissociation was not quite complete, this should 
tend to retard rather than to hasten the subsequent reaction with CO. It does 
not therefore seem possible to explain the faster rate of the GO + new ” Hb 
reaction in this way. 

It might also be held that the Na^iOi is in some way responsible for the 
effect. Agednst this, however^ may be quoted a control experiment in which 
the ooncentration of the Na,8|0| was varied 4-fold. There was no change in 
the velocity of the CO + “ new ” Hb reaction. A second objection is to be 
found in the p^ 10, 35° C experiment. It is hard to see why a rise in tempera¬ 
ture should abolish an effect due to Na^SjOi. 

Our present view is that these experiments can only be explained by the 
occurrence of some relatively slow change in the hsemoglobin molecule after 
reduction.* Whether this change is of a tautomeric type, or of a more ph}r8ical 
type, e,g,, de-activatioa of activated molecules, is at present obscure. But 
further confirmation is needed, particularly with alternative technique to 
the reversion spectroscope for following the progress of the reaction. 

We may now summarixe our negative experiments, since these were all of 
the type just mentioned. 

(i) It was of great interest to see whether “ new Hb prepared as above 
differed &om “ old " Hb in its reactivity with O, as well as with CO. 

* [JlToCe added in proof, June 20, 1034.—it is abo possible that the sadden dilution of 
the hamioglobin which ooours in those experiments alter the molecule In some way, 
and thus be in part responsible for the observed effect. This possibility has been 
floggested to us by the anomalous behaviour of the diffusion constant of hismoglobin <m 
dilation as reported recently by Tiselius and Qross (1034). We hope to investigate this 
ahpeot In for^r detail] 
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No diSerenoe could be found either at 6-6 or at 10 at room tempera¬ 
ture. 

(ii) Reduced hfiemoglobin solution was oxygenated by mixture with aerated 
water in mixing chamber Thence after a variable intermediate length of 
tubing, it flowed into mixing chamber M^, where is met a solution of NagSgOf, 

The rate of dissociation of Oj|Hb in the mixed fluid emerging from was 
measured in the usual way. No difference could be found in the rate of dis¬ 
sociation of new ” oxyhemoglobin and of old ” oxyhemoglobin either at 
P 0 6-6 or at pa 10 , at room temperature. 

(iii) Three mixing chambers were used in series. The fluids entering the 
first two mixing chambers were identical with those entering the two mixing 
chambers in experiment (ii) so that the fluid emerging from the second mixing 
chamber and thence entering the third mixing chamber was reduced hfiemo¬ 
globin formed either from new or £rom ** old ” oxyluemoglobin according 
to the length of tubing between the first and second mixing chambers. 

The other fluid entering the third mixing chamber was a solution of CO in 
water. As a result it was found that the velocity of the reaction CO + “ new ** 
Hb (formed from “ new ** 0 JBLb) was the same as the velocity of the reaction 
CO + new ” Hb (formed from '' old O^Hb), both at pu 6-6 and at pn 10, 
room temperature. 

For this blood solution a control confirmed that the velocity of the 
CO + '* new " Hb reaction at pn 10 was twice as great as the velocity of 
the CO -f “ old Hb reaction. 

The peculiar condition of the “ new ” hwmoglobin molecule does not there¬ 
fore seem to depend upon the age of the oxyhsemoglobin from which it is 
formed provided this age is greater than 0-1 second. We have not data for 
oxyhfismoglobin of shorter life. 

B —The Quick and Slow Equilibrium betioeen Oxygen and Hamwglobin 
and the Effect of pn thereon 

For these observationa the following experimental arrangement was adopted, 

eg. 3. 

A 6 -litre stoneware bottle P contained 3-6 litres of Oj-free water. To this 
was added 1-6 co oxygenated sheep’s blood ; the fluid when well mixed thus 
consisted of a dilute solution of blood containing 89-90% O^Hb. 

The lead from P was joined to one side of a glass mixing obamber whilst 
the other inlet of M connected to a manifold to which were joined leads from 
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three or more stoneware bottles Q, R, S, eto. Q, B, 8, etc., oontsined 0|-free 
buffer solutions of ranging from 10*0 to 6'6. 

The outlet of M was connected through a dead q>aoe volume of about 6 oo 
with the 20-om observation tube used in our experiments on the rate of dis¬ 
sociation of COHb (see Part VI). 

The solution from P and from one of the bottles, Q, B, or 8, was driven by 
eompressed nitrogen through the inuring chamber and observation tube, and 
readings of the %0,Hb in the latter were taken by the reversion spectroscope, 
both on the running fluid and on the stationary fluid obtained by clipping off 



Fia, 3—Anangement for studying alow and quick equilibria of oxygen with hnmoglobin. 

the two bottles F and Q (or B or 8, eto., as the case may be) tuddenljf*and 
timvtianeousltf. 

The mixing of the fluid from P with an equal volume of Orfroe 
solution leads to a decrease in the percentage of O^Hb,* The readings on 
the running fluid, which corresponded to a time of 0*6 to 0*7 seconds 
from mixture, should indicate the position of the quick equilibrium; for, 
according to the experiments of Hartridge and Boughton (1923) on the 
rate of dissociation of sheep oxyhsemoglobin, a time of 0*5-0*7 seconds ouj^t 
to be sufiUdent for an equilibrium to be reached. The readings on the station¬ 
ary fluid, however, should give the final value of the “ slow ” equilibrium, if 
spectrocopio readings are repeated over a period of several minutes till constant 
values are obtained. 

* The more dilute the solution of hmnoglobin, the Jeiger the ohange in percentage of 
0|Hb to be expected. Hence the present technique was designed for the most dilute Hb 
sdutlona leasible. 
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The results of these experimeintfl which were all conducted at or near 15^ 0 
were as follows:— 

(i) At Ph 10 no diflerenoe in the quick and slow equilibrium could be detected- 
This experiment shows that even at pa 10 ample time had been allowed for 
oxyheemoglabin dissociation, of the type studied by Hortridge and Houghton 
(1923), to occur. At pa where the type of dissociation is much quicker 
there should be no doubt of enough time having been available, and any 
further dissociation would have to be attributed to some other process. 

(ii) At Pa ^'3 (phosphate buffer) the quick equilibrium value was 45% 
OfHb whilst the ** slow ” equilibrium value was less than 20% OgHb and 
indeed impossible to measure accurately with the spectroscope. 

At Pa 6*3 (acetate buffer) essentially similar results were found : 

Quick equilibrium value = 57% OgHb 
“ Slow ** equilibrium value = 20% OgHb. 

At Pa's more acid than 7, there is a danger of inactivation of the luemo- 
globin, especially in dilute solution. The possibility that the difference 
between the slow equilibrium " value and the “ quick equilibrium " value 
may be due to an inactivation of the heemoglobin having occurred in the 
'' slow " reaction, was tested by collecting some of the fluid which had passed 
through the apparatus, and after allowing it to stand, reoxygenatiug it. No 
difference was found between the spectroscopic reading of this oxygenated 
fillip, and the reading for oxygenated blood solution of the same strength, 
which had not been made acid, but instead had been kept at pa 10, where 
there is marked stability against inactivation. Hence it is hard to see how 
any irreversible inactivation could have taken place. 

Evidence of inactivation, however, was found by this tost when acetate 
buffers of pa 6*0 were used, and also with acetate buffer solutions of pg 6*3 
(but not with phosphate buffer solutions pa 6*3) when a brass metal mixing 
chamber was used in place of a glass one. In the latter experiment the 
inactivation might be attributed to traces of copper acetate formed by passage 
of the fluid through the brass mixmg chamber, and the subsequent action of 
these traces upon the dilate hmmoglobin solution. Since copper phosphate 
is very insoluble this effect would be less likely to arise with phosphate bufiem. 

(iii) The difference between the quick” equilibrium values at pa 6*3 
and at pa 10 respectively was only very slight, t.e., of the order of 6% OgHb, 
since most of the ” quick ” equilibrium values lay within the range 50-60% 
COHb whatever the pn value. 
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Tlie difference between the “ alow ** equilibriom valnei at 6'S and at 
Pa 10 leepectively was at least 40% O^Hb. 

SionoN 11— Discussion or thk Bbsults 

The positive resnlta described in this paper are oertoinlj very remarkable, 
and it is most necessary that they should be confirmed and investigated under 
as wide a variety of conditions as possible, and with alternative methods of 
observation of the percentage of 0)Hb, even though the effects recorded ate 
BO large as to be unmistakable with the reversion spectroscope. It is possible 
that the photoelectric methods, developed by Millikan (1933), may serve for 
this purpose. Until this has been done, it would be premature to engage in 
detailed discussion. 

Three issues need only be pointed out at this stage:— 

(i) The two positive effects found above are both in the right direction to 
contribute to the explanation of an anomaly commented on in Part VI, namely, 
that the rate at which GO displaces 0, from combination at pa 10 differs so 
little from the rate in acid solutions. 

(ii) These results if established make it hard to believe that any final theory 
of the oxygen-corbon monoxide-haemoglobin reactions can ever be reached 
from the intensive study of equilibria alone: a contribution from the kinetic 
aide would seem to be an indispensable addition. 

(iii) There is much analogy between the reactions of 0| and CO with luemo- 
globin on the one hand, and the reactions of ensymes with their substrates 
and inhibitors on the other hand. In the latter similar phenomena to those 
described in this paper would introduce a new development into ensyme 
kinetics. 

SUMHAST 

1— Previous results suggested that the reactivity of freshly formed haemo¬ 
globin compounds might sometimes differ from their reactivity after standing. 
Of a number of reactions investigated, two proved positive. 

2— The rate of combination of carbon monoxide with hasmo^obin freshly 
reduced from oxyhssmoglobin was measured by the latter with Na|^|04 
solution, and then 0’l-0-2 seconds later living the first mixture with a third 
solution containing dissolved 00. It was thus necessary to nse two or more 
mixing chambers of the Hartridge-Ronghton apparatus in secieB. 

At Pa 10 and at room temperature the rate of the reaction with “ new Hb 
was about twice as fast as with Hb more than 2 seconds old. The effect dia> 
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appeared wKen the temperature vaa raised to 33^ C> or the Pq lowered £6 6-6. 
Controls suggested that the effect was not caused hj the Na^^04 present. 

3^*‘ Quick equilibrium between oxygen and hsemoglobin was studied by 
driving a dilate solution of the latter into a mixing chamber where it met an 
equal volujne <)f water, free of dissolved oxygen. The emerging fluid was 
examined after varying intervals of 0*5 seconds and upwards by the reversion 
spectroscope. 

Both at Pa 10 and p^ about 6*3 the percentage 0|Hb dropped from about 
90% to a value between 50-60% after 0*6 seconds, there being little difference 
between the “ quick ” equilibria in the two cases. At pu 10 there was no 
further change on standing, but at pa 6-3 there was often a further drop to 
below 20% OfHb. This was not due to inactivation of the haemoglobin. 

This result, if confirmed, would suggest that the effect of acid ou the aflflnity 
of oxygen for haemoglobin may in part be due to some relatively slow secondary 
process. 
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ItUrodvotion 

Although the esdstenoe of the cortico-pontine fibres haa long been leoogniaed 
and their functions partially eluoidated in mote recent times, there haa os yet 
been no solution of the problem of their distribution in the pons and projection 
on the cerebellum. The thorough investigation of the problem requires 
prolonged and tedious experimental work and has, probably on that account, 
hitherto been largdy neglected. But experimente are not performed only 
by man. In obaoure recesses of the animal Idndgom lie hidden experiments of 
Nature which, confined within the limitB of the direction of evolution chosen 
for them, have been condemned to carry their eccentricity to its logical con* 
elusion. Experiments of an even mom casual nature have been performed 
by the indiscriminate invasion of every part of the human brain by patho¬ 
logical processes; but it is only by the patient collection and examination 
of vast masses of records that any continuous narrative can be extracted from 
the chaotic whole. 

Of the three types of experiment available it is more economical of time and 
material to chose that which comes ready-made: the method of comparative 
neurology. This, even if it does not supply a complete answer, at least provides 
valuable clues for the more accurate direction of the other methods. 

This investigation lies primarily within the realms of comparative neurology, 
and its starting point is with the most extravagant of all Nature’s experiments 
in the manunaban line: the Monotremes. By a combination of maorosoopio 
and microscopio examination, and by comparison with a large series of brains 
of which may be regarded as representatives of the mote usual trend 

of evolution, a partial solution of the problem xmdec investigation has been 
obtained. In addition, as much experimental and clinioal evidenoe bearing 
upon the matter in hand as could be obtained has been incorporated in the 
general conclusions. It caimot be pretended that the results of this enquiry 

* *' Walter and Elisa Hall ” TravelUsg Hedioal Researoh EbUow of Sydney Univenitiy. 
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supply a complete answer to the question of the projection of the forebrain 
on the pons ami cerebelliun, but it is felt that sufficient cvidenc^e has been 
coUectod to support very strongly the conclusions which have been reac:hed. 

During the progress of the work some difficulty was found in adapting 
the results to the generally accepted cercliellar nomenclature and it was found 
necessary to alter this to a certain extent. Elliot Smith (1903, 6, c, d) divided 
the ccrebolluni into three primary lobes-'anterior, middle, and posterior— 
using the primary and secondary fissures as Iwundary lines. Shortly after¬ 
words Bolk (1906) divided the cerebellum into anterior and posterior lobes 
only by means of the fissura prima. In his extensive investigation. Ingvar 
(1918) supported the suIkI! vision into three lobes, but regarded the fissura 
pr»pyramidalia as the boundary between the middle and posterior lobes. 
The essential dificrence between the. classifications of Elliot Smith and Ingvar 
lies in the fact that the former author conaidere<l the pyramid part of the lobus 
medius, the latter part of the lobus posterius. More recently Riley (1930) 
has reverted to the division of the cerebellum into anterior and posterior lolws 
separated by the fissura prima. In the present investigation it has been 
found necessary to adopt the primary subdivisions of Rolk and Riley. Thus the 
cerebellum is regarded in the present paper as being composed of two ]oheB 
only—anterior and posterior—separated }>y the fissura prima. This practice 
has several points of merit whicjh may be briefly summarised :—• 

1— Tlie fissura prima is the first dividing line to appear in the cerebellum 
both embryologically and phylogenctically, it is the most constant of all the 
fissures which appear and it is the only one which completely divides the whole 
cerebellum from one lateral border to the other. On the other hand, the 
secondary and prspyramidal fissures appear much later and are not concernerl 
in the 'primary subdivision of the cerebdliim. Further, they are not constant 
in their order of appearance and frequently fail to subdivide the whole bulk 
of the organ. 

2— The adoption of this simpler classification at once almliahcs any essential 
disagreement between the subdivisions of Elliot Snuth and Ingvar. The 
examination of a large series of cerebella has shown that, in terms of their 
nomenclature, both authors were correct, for in some animals the pyramid is 
derived from what has been called the lobus medius and in others it is just as 
clearly an offshoot of the lobus posterius. It is much more ronveniont to 
combine the middle and posterior lobes as one large posterior lobe ; then the 
pyramid is merely a portion of the posterior lobe and not of any particular 
part of it- 

VOL. oxv.— B. 2 M 
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3—Experimental results show that the cerebellum should be regarded as 
composed of two physiological units— which correspond to the anterior and 
posterior lobes of this paper—separated by the fissura prima. MacNalty and 
Horsley (1909) found that the ventral apino-cerebellar fibres are distributed 
chiefly posterior to the fissura prima, the dorsal spino-cercbellar fibres chiefly 
anterior to it. Moreover, Mussen (19*27) showed that secondary fibres from 
the gracUc and cuncate nuclei follow two pathways which accompany the dorsal 
and ventral spino-cerebcllar fibres and are distributed in the cerebellum in 
exactly the same fashion. In this paper it wiU be shown that the cortical 
connections, too, are distributed in the anterior and posterior lobes sym¬ 
metrically about the fissura prims. 

These points have been discussed with Professor Elliot Smith who was very 
ready to admit their force, and it is with his full approval that subdivision of 
the cerebellum into anterior and posterior lobes only, separated by the fissura 
prima, has been adopted. 

One further note of explanation is necessary. It has been found that the 
cortico-cerebellar connections arc related chiefly, if not entirely, to the culmen 
of the anterior lobe and its lateral extension in the hemisphere—the anterior 
oreHCcntic lobule ; and to the decUve, folium, and tuber of the posterior lobe 
and their lateral extensions—the posterior crescentic lobule, the superior and 
inferior semilunar lobules, the biventral lobule, and the tonsil. In this descrip¬ 
tion the term ^'culmen implies the culmen plus its lateral extension, the term 
“ declive-tuber complex ” the declive, folium, and tuber and their lateral 
extensions. The culmen in this sense means the whole of the cortical pro¬ 
jection ares in the lobus anterius and is the equivalent of the dcclive-tuber 
complex which represents the whole of the cortical projection area in the lobus 
posterius. As a further simplification the temporo-pontine, parieto-pontine, 
and occipito-pontine fibres are all classified together as temporo-pontine ” 
fibres. 


Material and Methods 

The description of Echidna is Imsed upon the examination of 10 brains in 
all. Of these three were fully dissected and another split in median sagittal 
section. For mioroscopio examination six series of sections cut either trans¬ 
versely or sagittally, and stained by various methods, were available. In the 
case of Ofn^thofKynchus I have Wn compelled to rely largely upon the published 
descriptions by Ziehen (1897), Elliot Smith (1899, a, 1902), and Hines (1929), 
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but I have been able to examine several series of sections most of which were 
incomplete. 

Qroas marsupial material was abundant and I hod access to six brains which 
included those of Dasyurus viverrinm, Perameles nasuta, Macrojyus cugenii^ 
M, thclidis, and another macropod of unknown species, and Phaacdomys 
urdnus. No complete series of any marsupial brain stained for fibres could be 
obtained, but I was able to examine some incomplete scries of the brain of 
NotorycUiS typhlopHf of a wallaby and of Daityunts viverrinns, Six mouse 
braitis—of which two were dissected—were studied and also two complete 
series of transverse sections stained by the methods of Cajal and Hanson. 
In addition to the above many brains of rodents, insectivores, edentates, 
carnivores, ungulates, lemurs, and monkeys were used for comparison and 
sometimes dissected. The enquiry was completed by the examination of 
SIX human brain-stems and cerol>ella, and many series of transverse micro¬ 
scopic sections. 

The specimens examined were closely compared with published accounts of 
similar brains. Tlie papers by Elliot Smith (1903, 6, c, d), Bolk (1906), and 
Ingvar (1918) were of great assistance as reganls the tjcrcbelbim itself, and 
Elliot Smith’s catalogue (1902) and bis papers on the Edentates (1899, b) 
a!id Lemurs (1903, a) were continually consulted for information concerning 
brains which were not available. From all these it was possible to compare, 
not only tlie brains actually at hand, but also those which could not be obtained, 
and thus extend the scope of the enquiry considerably. 

Thus the results depend upon ample data. It is unnecessary to describe 
in detail the whole of the material examined, and six brains otdy ore employed 
for description. They illustrate the salient points of the account and cover 
adequately the whole of the field of enquiry. 


r/ie Projection of the Pone on the CerebeUum 

If the point of entrance of the trigeminal nerve be taken as a rough guide, 
the fully-developed pons in the highest primates and man may bo regarded as 
comprising pre- and retro-trigcminal portions, fig. 6, Plate 26, As is well 
known, the trigeminal nerves in the Monotrenica enter the brain-stem in 
front of the pons, fig. 1, Plato 21. It has been shown in a previous paper (1934) 
that the pons in the Monotremes represents the retrotrigcminal part only of 
the fully-developed pons, and that the rostrum (of Elliot Smith, 1899, a) is 
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the aborted mdimeDt of the pretrigeminal pontine development. The tip 
of the rostrum covers the caudal pole of the interpeduncular ganglion as does 
the pretrigeminal pons of other mammals and the caudal border of the pons 
covers the rudimentary corpus trapezoideum almost entirely, so that the sixth, 
seventh, and eighth nerves are attached to the brain-stem immediately against 
the pons. 

In 1902 Elliot Smith showed that the lobus anterius of the cerebellum is 
enormously hypertrophied so that it occupies almost the whole of the dorsal 
surface as well os the anterior surface. I have shown that this hypertrophy 
is reatiictcd to the culmen, hg. 1, Plate 21, for the lingula and lobulus centralis 
are almost normal in size. At the same time the lobus postcrius is very small. 
The nodule, uvula, and pyramid are not diminished so the lack of development 
is exhibited by the declive-tuber complex. This is particularly well seen from 
the dorsal aspect. In the previous paper the abortion of the pretrigeminal 
pons has been correlated with the rudimentary condition of the declive-tuber 
complex ; the purely retrotrigeminol pontine development with the hyper¬ 
trophy of the culmen. 

In practically all marsupials, and in many primitive true nianunals, tlie })onH 
lies entirely anterior to the entering trigeminal nerve; that is, it pre¬ 
sents a purely pretrigeminal development, figs. 2 and 3, Plates 22, 23. In the 
wide interval between the pons and corpus trapezoideum the commencement 
of the lateral lemniscus is plainly visible. Since the corpus trapezoideum lies 
naked on the ventral surface of the medulla oblongata, the sixth, seventh, and 
eighth nerves are attached freely to its surface, well caudal to the posterior 
border of the pons. In the mouse the gap between pons and corpus trape¬ 
zoideum is not as large as in the marsupial, but the pons is still wholly pre- 
trigeminal, fig. 3, Plate 23, 

Of the marsupials, only the blind marsupial mole, Notorydes fypA/ops^as 
far as I can discover—betrays any retiotrigcminal pontine development in 
addition to the pretrigeminal pons. Many primitive true mammals, however, 
show what may be regarded as a precocious retrotrigeminal pontine develop¬ 
ment. Notable amongst these ore the hedgehog, mole, agouti, and some of the 
edentates (especially Choloepus and Oty^eroptis). These will be considered 
when the functions of the cortico-pontine fibres are discussed. 

The cerebellum in the marsupials and primitive true mammals is developed 
quite otherwise than in the Monotremes for it is the culmen which is rudi¬ 
mentary and the declive-tuber complex which is hypertrophied, figs. 2 and 3, 
Plates 22, 23. Thus in these animals with the reversal of development in the 
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pona there is a reveTsal of development in the cerebellum, and it is impossible to 
avoid the conclusion that these eccentricities are causally related. It seems 
certain, then, that the retrotrigeminal pons is related to the oulmen of the 
lobuB anteriuB of the cerebellum; the pretrigeminal pons to the declive- 
tuber complex of the lobus posterius. 

In an ascending phylogenetic scale the pona progressively enlarges in com¬ 
pany with the cerebellum. The growing pons soon extends caudal to the 
entering trigeminal nerve so that a small but definite retrotrigeminal pons 
appears. This new growth covers the anterior border of the corpus trape- 
zoideum. Such an extension is illustrated in the brain of the golden agouti, 
fig. 4, Plate 24, in whom it may be regarded as rather precocious, but is 
characteristic of most of the higher non-primate mammals, and is best seen 
in the carnivores. The non-primates appear to he unable to advance beyond 
this stage, and the coipus trapezoid cum is always only partly covered. It will 
be noted that the cerebellum has increased in size, the increase affecting both 
the culmen and the declive-tuber complex. 

It is only in the evolution of the primates that the pons attains its fullest 
development. Tarsius and the lemurs have all acquired some retrotrigeminal 
pontine development and this is steadily increased in the monkeys. Kg. 5, 
Plate 25, was drawn from the brain of a green monkey, Cercopithecus sab<mut, 
in whom the pons is covering a considerable portion of the corpus trapezoideum 
atid is beginning to encroach upon the points of attachment of the sixth, 
seventh, and eighth nerves. At the same time the cerebellum has enlarged 
enormously in the culmen and the declive-tuber complex. The growth of 
the culmen is revealed in the active pushing back of the fissura prima against 
the opposition of the expanding declive-tuber complex, so that the enlarge¬ 
ment of this has taken place laterally rather than antero-posteriorly. The 
lateral expansion of the declivo-tubor complex has pushed the flocculus and 
paraflocculuB vcntrally and is responsible for most of the bulk of the cere¬ 
bellar hemispheres. The lobus anteriua has also expanded to take part in 
the growth of the hemisphere. In marsupials and primitive true mammals the 
anterior tip of the cuhnen can just be scon from the dorsal aspect peeping out 
from under the hood-like lobus posterius. In many marsupials and mammals 
it is so small that it cannot be seen from the dorsal aspect. But its increasing 
size in company with the growth of the retrotrigeminal pons pushes the lobus 
posterius posteriorly and laterally and provides on expanding contribution 
to the cerebellar hemispheres. In the monkey the lobus anterius occupies 
about one-half of the median sagittal section, and the culmen is complexly 
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divided, but it never overtakes the start of the lobus posterius and never forma 
as much of the cerebellar hemisphere. 

In the highest primates and man the caudal expansion of the pons reaches 
its culmination in the complete burial of the corpus trapexoideum and of the 
points of attachment of the sixth, seventh, and eighth nerves, fig. 6, Plate 26. 
Held (1803) pointed out that in the chimpanzee and man the eighth nerves 
travel a considerable distance dorsal to the pons before they reach the corpus 
trapezoideum, and Vernon (1931) has shown that a considerable portion of 
the seventh nerve runs horizontally, dorsal to the caudal part of the pons, before 
it finally emerges from the brain-stem. The trigeminal nerve now enters the 
pons nearer its anterior than its posterior border. 

The cerebellum has enlarged with the pons. The culmen of the lobus 
snteriuB has become further subdivided and extends laterally into the hemi¬ 
sphere as the anterior crescentic lobule; the declive-tuber complex baa also 
enlarged and its lateral expansions form the bulk of the hemisphere as the 
posterior crescentic lobule, the superior and inferior semilunar lobules, the 
biventral lobule, and the tonsil. The pyramid is entirely divorced from the 
lemainB of the poiaflocculi and the tonsils appear to be appendages of the 
uvula. 

It is customary to emphasize the growth of the dcclive-tuber complex (lobus 
mediufi of Ingvar (1918)) of the cerebellum in response to the increase in 
cortical connections. But although that is undoubtedly correct, it is clear 
from this brief survey that the culmen of the lobus anterius has also enlarged 
to a considerable extent, and that this enlargement is similaily due to the 
increase in cortical connections. If the condition in EvMdna is contrasted 
with that in the marsupial it will be seen that they arc complementary : the 
retrotrigeminal pons of Echidna added to the pretrigominul pons of the mar¬ 
supial forms a completely developed pons such as occurs in the highest primates. 
In the cerebellum the large lobus anterius in Echidna added to the large lobus 
posterius in the marsupial approximates to the weU-balanced cerebellum of the 
primates. It has been shown that the purely retrotrigeminal pons is associated 
with a hypertrophied lobus anterius; a purely pTetrigeminal pons with a 
largo lobus posterius. It has farther been shown that the hypertrophy of the 
lobus anterius is due to the size of the culmen; that of the lobus posterius to 
the sLze of the declive-tuber complex. It thus seems certain that the retro¬ 
trigeminal part of the pons is projected chiefly on the culmen of the lobus 
anterius; the pretrigeminal part on the declive-tuber complex. Patbo- 
logioal evidence can be adduced in partial support of this statement. Biemond 
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(1931) found that in a case of localized infarction in the caudal part of the pons 
in man the resultant degeneration in the cerebellum was confined to the lobus 
anteriuH, and especially to the culmen. 

It is clear that the main evolution of the pons has l>een from before backwards. 
In the marsupials and primitive true mammals the pons first appeared in 
front of the entering trigeminal nerves and thence extended caudally behind 
the fifth nerve. The Monotremes alone have pursued a peculiar course of 
evolution which has resulted in the development of a retrotrigcminal pons 
only, thus anticipating the condition in the brain of the highest primates. 
The reasons for this will be considered in the subsequent sections. 


The Projection of the Cerebral Hemispheres on ihe Pons 

In another paper (1934) I have shown that there is no fronto-pontine 
pathway in Echidna, The small p 3 rramidR lie at the medial border of the 
cerebral peduncles in close association with the substantia nigra, and the 
remainder of the peduncle comprises fibres which correspond to the temporo¬ 
pontine fibres of higher mammals, fig. 7, Plate 27. The absence of fronto¬ 
pontine fibres is an expression of the failure of development of any frontal 
cortex in the Monotremes. Martin (1898) showed that the eleetrieally excitable 
motor cortex in Omithorhynchus occupies the anterior two-thirds of the lateral 
surface of the cerebral hemisphere, and that there is no iiiexcitablc cortex 
at or near the frontal polo; that is, there is no frontal cortex. In his investiga¬ 
tion of the cortical lamination in Echidna bchuster (1910) found tliat his area 
3 extended from the frontal pole over two-thirds of the lateral surface of the 
hemisphere to the pseudo-sylvian fissure. Tliere is no differentiation of any 
frontal cortex and area 3 contains large cells of the motor type. Kappers 
(1933) regards area 3 in Echidna as the equivalent of the motor cortex in 
Omiihorhynchus and I have shown that it is from this diffuse sensory-motor 
area that the pyramidal tracts arise. Thus in relation to the absence of a 
frontal cortex there are no fronto-pontine connections, and there can be very 
little doubt that this lack is further reflected in the abortion of the pretrigcminal 
part of the pons in the Monotremes. On the other hand, there is a largo temporo¬ 
pontine contribution which arises from area 4 of Schuster, and this is catered 
for by the retrotrigeminol pontine development. 

In the marsupials and many primitive true mammals there is no retro- 
trigeminal pontine development, but the pons is large, fig. 2, Plate 22. Gray 
(1924) has shown that in the opossum Didtlpleyis wnjrtniana there is a definite 
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frontal cortex Ijing anterior to, and of hiatological structure different from, 
the excitable motor cortex. Further, Gray and Turner (1924) have demon* 
strated that the excitable motor cortex is restricted to the region around the 
fissura orbitalis—and especially to the posterior lip of this fissure—and that 
the histologically determined frontal cortex is inexcitable. These findings 
have been confirmed by Rogers (1924). Thus the roarsupialB possess what the 
Monotremes lack—a firontal cortex, and such a structure has been demon¬ 
strated in all other mammals above the Monotremes so far examined. With a 
frontal cortex appears a fronto-pontinc pathway and it is known that this 
exists in all mammals used for experimental purposes for they develop de¬ 
cerebrate rigidity when it is interrupted. Tsai (1925) found that in the opossum 
the substantia nigra lies at the lateral border of the cerebral peduncle—the 
reverse of the condition in Echidna. Turner (1924) excised the motor cortex 
in the opossum and traced the degenerated pyramidal fibres. Although he 
docs not describe their situation in the cerebral peduncle it is clear from his 
diagrams that they lie at the lateral border close to the situation of the sub¬ 
stantia nigra as described by Tsai. Thus the position of the substantia nigra 
provides a rough guide to the situation of the pyramids in the peduncles. 
Since the pyramidal fibres in the opossum lie at the lateral border of the peduncle 
there can be few or no temporo-pontine fibres, for those occupy the lateral 
part of the cerebral peduncle when they are developed. 

Unfortunately I have been unable to obtain a complete series of sections of 
any marsupial brain. 1 have examined some througli the cerebral peduncle 
of Dasyurus viverrinns stained both for cells and fibres. In these, fig. 7, 
Plate 27, the substantia nigra can be seen at the lateral border of the peduncle. 
This finding confirms Tsai’s observations and makes it very likely that the 
pyramidal fibres are situated at the lateral border of the peduncle also. Two 
complete series of sections through the brain of a mouse were examined. 
These were stained by the methods of Cajal and Hanson. In these it was 
possible to follow the pyramidal tracts in a reverse direction from the medulla 
oblongata through the pons to the peduncle with some difficulty. In these 
sections the interesting observation was made that, although the bulk of the 
non-pyramidal fibres in the peduncle arc of fronto-pontine nature, a few 
temporo-pontine fibres can be found at the lateral border of the peduncle and 
these end in the most anterior part of the potis. Apart from these the pyramidal 
fibres occupy the most lateral part of the peduncle in close association with the 
greatest development of the substantia nigra, fig. 7, Plate 27, and the medial 
three-quarters or more of the peduncular fibres are of frontal origin. 
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From this comparison it appears the absence of frontal cortex and fronto¬ 
pontine fibres in the Mouotremes is reflected in the aborted condition of the 
pretrigeminal pons, and that the temporo-pontine fibres are related to the 
retrotrigeminal pons and are thence relayed to the culmen of the anterior lobe 
of the cerebellum. In the marsupials and primitive true mammals the poor 
development or even complete absence of tcmporo-pontinc fibres is expressed 
in the absence of any retrotrigeminal pons, the fronto-pontine fibres ending in 
the pretrigeminal pons and being relayed to the declive-tuber complex of the 
posterior lobe of the cerebellum. In view of the fact that some temporo¬ 
pontine fibres can be found in the mouse ending in the front of the pretri¬ 
geminal pons it appears that this relation is not quite absolute, and that there 
may be a few temporo-pontine fibres in the marsupial also. 

There is some experimental evidence in favour of the view that there are 
few temporo-pontine fibres in lower mammals. In the cat there is a small 
but definite retrotrigeminal pontine development. Therefore, a pnori, one 
would expect to find definite but small temporo-pontine connections. Weed 
(1914) and Warner and Olmsted (1923) have demonstrated experimentally 
that the fronto-pontine pathway is well developed in the cat. Bernis and 
Spiegel (1925) excised that cortical area in the cat which corresponds to the 
temporal region in the primates and obtained results which indicated that 
temporo-pontine connections exist. Warner and Olmsted stimulated electri¬ 
cally the cut surface of the cerebral peduncle in the cat. When they excited 
the medial border of the peduncle they stimulated the fronto-pontine fibres 
and obtained inliibition of the decerebrate rigidity, but no muscular movements. 
When they stimulated the lateral border of the peduncle, however, they obtained 
muscular movements from excitation of the pyramidal fibres. Thus in the 
cat the fronto-pontine fibres are sufliciently well developed to screen the 
pyramidal fibres in the peduncle from electrical stimulation, but the temporo¬ 
pontine fibres at the lateral border of the peduncle are so few that stimulation 
there excites the pyramids. Even in the cat with a definite retrotrigeminal 
pontine development the temporo-pontine connections are still poorly developed. 

One of the most characteristic features of cerebral evolution in the higher 
apes and man is the progressive expansion of the cortex lying between the 
temporal, occipital, and post-Rolandio areas. This is associated with a steady 
increase in temporo-pontine connections which are laid down in the peduncle 
lateral to the pyramidal tracts. Thus the temporo-pontine fibres eventually 
come to equal the fronto-pontine fibres in bulk and the pyramids are pushed 
to the middle third of the crus cerebri. This is the condition which is found 
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in man where the pyramidB lie in the middle third of the crue cerebri in close 
relation to the greatest development of the sabstantia nigra, fig. 7, Plate 27, 
which thus appears to have migrated medially. With this increase in temporo¬ 
pontine connections the retrotiigcminal pons has progressively extended caudally 
until finally it buries the corpus trapesoideum completely. At the same time 
the culmen c^the lobus anterius of the cerebellum has steadily enlarged. 

As a result of the correlation of these two sections it seems clear that tlie 
frontal cortex is chiefly related to the prctrigeminal part of the pons 
whence its impulses are relayed to the declive-tubor complex of the 
lobus posteriuB of tlie cerebellum, while the temporal impulses are projected 
chiefly on the retrotrigemmal pons whence they reach the culmen of the 
lobus anterius of the cerebellum. It has been shown that some temporo¬ 
pontine fibres end in the pretrigeminal pons and, in view of the fact that the 
frontal cortex continues to expand during the laying down of the rctrotrigeminal 
pons, it appears likely that some of the new flrontal connections end in the 
retrotrigeminal pons. Thus there is some overlap of representation; this 
is expressed diagrammatically in fig. 8, Plate 28. The crossing of the fibres 
from the frontal and caudal parts of the pons to reach the caudal and frontal 
parts of the cerebellum respectively must take place in the brochiuni pontis. 


The Functions of the Cortico-poniine Connections 

This paper would be incomplete without an attempt to estimate the signifi¬ 
cance of the cortico-pontine connections. Our knowledge of the fronto¬ 
pontine tract is more complete both anatoniicaily and physiologically than 
that of the temporo-pontine connection. Weed (1914) first demonstrated 
that injury to the fronto-pontine connection, whether in the frontal cortex, 
internal capsule or cerebral peduncle, induced the appearance of decerebrate 
rigidity which could, however, be inhibited by stimulation of the injured 
surface, or of the cerebellum or red nucleus. He regarded this rigidity as 
being homolateral as far as the fronto-pontine fibres were concerned. He 
also showed that section of the middle or superior cerebellar peduncle in an 
otherwise intact animal provoked the appearance of a similar rigidity on the 
same side of the body or, if the fronto-pontine connection were already cut, 
prevented the possibility of inhibition of rigidity by stimulation of the fronto¬ 
pontine fibres. 

Warner and Olmsted (1923) repeated Weed’s experiments and confirmed 
most of his conclusions, but they found that the rigidity resultant upon 
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destruction of the fronto-pontine connection was mainly contralateral while 
section of the middle cerebellar peduncle exercised a homolateral effect. They 
concluded that the fronto-pontine fibres, after ending in the pons, gave rise 
to secondary fibres whicli passed in the bracliium pontis to the opposite 
cerebellar hemisphere. Thence the impulses were transmitted via the brachium 
conjunctivum to the opposite red nucleus. From the red aucl<^ they cross 
again in the decussation of the nibro-spinal tracts before passingTo the spinal 
cord. Therefore stimulation of the cerebellum produces homolateral inhibition 
of rigidity. The fronto-pontine fibres act chiefly upon the contralateral muscles, 
but they have, in addition, a slight homolateral effect. Those results liave 
been confirmed by Bemis and Spiegel (1925). 

Kinnier Wilson (1920) has collected a large amount of clinical material 
bearing upon the appearance of decerebrate rigidity in man. He has shown 
that maldevelopment of, or injury to, the frontal cortex, or lesions in the 
internal capsule, mid-brain, pons or cerebellum, can produce a rigidity com¬ 
parable to the de(;erobrate rigidity experimentally produced iu animals. This 
rigidity may be persistent, or may take the form of tonic fits which may be 
complete nianlfeatations, or may represent isolated '* fragments ” of decerebrate 
rigidity. The situation of the lesions corresponds closely with that of the 
fronto-pontine pathway os demonstrated experimentally by Warner and 
Olmsted and by Weed, and there can be no doubt that the same meclianism 
is affected. 

Very little is known of the fibres which reach the pons from the temporal, 
parietal, and occipital regions of the cerebral hemispheres. Bernis and Spiegel 
excised the corresponding region iu cats and found that there was a slight 
increase in extensor tone chiefly in the opposite foro-limb. They consider 
that this region regulates tonic labyrinthine reflexes. In view of the poor 
development of this area in cats and of the small size of the temporo-pontine 
connections, it is not surprising that the rigidity resultant upon damage in 
this part of the cortex was slight and confined to the fore-limbs. Kinnier 
Wilson showed that temporal lobe abscess produced an effect akin to decere¬ 
brate rigidity. 

Prom the experiments of Weed, Warner, and Olmsted and Bemis and Spiegel, 
and the clinical findings of Kinnier Wilson, it is clear that injury to the fronto¬ 
pontine pathway alone is sufficient to produC'C a complete manifestation of 
decerebrate rigidity without the intervention of the temporo-pontine system. 
In rabbits in whom there is no retrotrigeminal pontine development and 
presumably, therefore, few temporo-pontine connections, rigidity is readily 
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produced by section of the fronto-pontine pathway. It appears to be extremely 
unlikely that the temporo-poutine pathway is primarily, or even at all, con¬ 
cerned in the appearance of decerebrate rigidity, and another explanation for 
its presence must be sought. 

According to Elliot Smith the function of the fronto-pontine connection is 
to release the muscles from the rigidity of the “ standing posture ” and thus 
render them available for any movement which the will decides to impose 
through the pyramidal system. This author (1927) considors that the temporo¬ 
pontine mechanism is involved in the intricate muscular co-ordination necessary 
for the execution of complicated movements required for play and skilled 
work, and for the correlation of hand and eye. Since the temporo-pontino 
connections are fully developed only in man in whom skilled muscular co¬ 
ordination reaches its highest expression this is undoubtedly correct, but it 
appears probable that the temporo-pontine system is capable of exercising 
yet other important functions. 

The temporo-pontine fibres drain an area which in lower mammals is closely 
circumscribed by the primary sensory receptive areas for touch, vision, hear¬ 
ing, and, probably, equilibration. This region shows the greatest expansion 
in the primates and becomes complexly difierentiated. At the some time the 
temporo-pontine connections increase progressively in number. In this 
expanding region develop the visuo-auditory and visuo-toctile bands of Elliot 
Smith who hits shown how important has been the co-ordination of hand and 
eye in the evolution of the macula lutea and stereoscopic vision, and the 
resultant dominance of the primates. Certainly, then, the temporo-pontine 
connections are favourably situated to effect the necessary co-ordination of 
eye and hand muscles, and their steady increase in the primates enhances the 
possibility of such co-ordination. They are also in a position to correlate 
such movements in response to tactile impressions and thus reinforce the 
information gained from visual examination. In man rhythmic movements 
in time to music liave reached a high stage of expression; again the temporo¬ 
pontine fibres are able to effect the necessary co-ordination between hearing 
and muscular movements. In man sports demanding the most accurate 
muscular control of balance, for example, skating, depend upon reaction to 
vestibular, proprioceptive, tactile, and visual impresaionB, and those can only 
be correlated satisfactorily in the region which lies between the primary 
receptor areas for these senses; that is, the region from which the temporo¬ 
pontine fibres arise. Thus in man and, to a lesser extent, in the higher 
primates, the temporo-pontine connections are developed in equal relation 
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to all the important sensea and provide the opportunity lor well-baUnood 
muBOular responae to the resultant. 

In the Monotremes, however, the temporo-pontine pathway is extra¬ 
ordinarily developed ; and this in animals in whom sight is almost atrophied, 
and hearing little better than in birds. Also, it has already been noted that 
there is a precocious appearance of a rctrotrigeminal pons in several very 
primitive mammals. Notcrycies tyjMops possesses no eyes at all and its 
cochlea has advanced only to a slight degree upon that in the Monotremes. 
The hedgehog, mole, agouti, and the edentates cannot be regarded as exponents 
of skilled muscular co-ordination or the close correlation of touch and vision 
since the mole, at least, is blind. Yet all these animals betray evidence of 
reciuiring temporo-pontine control. Nor can hearing be invoked for in most 
marsupials the auditory apparatus is fully os well developed as it is in the 
highest mammals, but there are few, if any. tcm]>orO'pontine connections. 

The IMoDOircnics, Notcrycies iyphlops, the hedgehog, mole, agouti, and the 
edentates all have one feature in common : they all live either in burrows or 
in close contact with the ground. Under such circumstances there is one 
sense which, together with smell, is of more importance than sight or hearing : 
the sense of vibratory perception. It is probable that vibratory impulses 
transmitted through the ground may be perceived both by tactile and by 
vestibular sense. In the case of the Monotremes tactile sensibility of the 
body as well as of the snout is extraordinarily well developed, in the cose of 
the other animals it is possible that vibratory perception is mainly through the 
vestibule. In either case it becomes represented cort-icuUy in close relation 
to the origin of the temporo-pontine fibres which thus provide a means for 
immediate muscular reaction in response to vibrations. In the Monotremes 
vibratory perception apparently plays such a large part in their existence that 
they have evolved their powers of muscular response in relation particularly 
to this sense. Wood Jones (1923) has emphasized the extraordinary develop¬ 
ment of the tactile sense of vibrations in Echidna and it seems probable that 
the Monotremes are unique in their development of this sense to the exclusion 
of aU others except smell. 

Thus it appears that the fronto-pontine and temporo-pontine tracts are 
complementary in their functions. The function of the fronto-pontine pathway 
appears to be the release of the muscles firom the economical rigidity of the 
standing posture immediately the will decides to alter that posture. But 
the function of the temporo-pontine pathway is infinitely more subtle. It 
under^kes the task of weaving all sensory impulses—tactile, proprioceptive, 



618 


A. A. Abbie 


equilibratory, vibratory, auditory, and visual—^into a homogeneous fabric and 
translating the resultant in muscular response which is accurately co-ordinated 
and acutely adapted to the requirements of the situation as a whole, no matter 
how complex it may be. It is only with the attainment of a balanced maturity 
of this mechanism in equal relation to all avenues of information concerning 
the situation in hand that the fullest possibilities of muscular co-ordination 
can be realized. To it man owes the possibility of his highest powers as 
expressed in his work, in sport, and in art. 
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Summary 

1— In the Monotremes there is no frontal cortex. As a result there is 
complete absence of the fronto-pontine tract, abortion of the pretrigominal 
port of the pons and failure of expansion of the doclivo-tuber complex in the 
lobus posteriuB of the cerebellum. But the temporo-pontine tract is well 
developed and has provoked the development of a retrotrigeminal pons and 
hypertrophy in the culmen of the lobus anterius of the cerebellum. 

2— In practioaUy all marsupials, and in many primitive eutheria, there are 
few or no temporo-pontine fibres in the cerebral peduncle, no retrotrigeminal 
pontine development and a rudimentary culmen in the lobus anterius of the 
cerebellum. But there is a well-developed frontal cortex which gives rise to 
a fronto-pontine tract, a pretrigeminal pontine development and a large 
dcclive-tuber complex in the lobus posterius of the cerebellum. 
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3— In higher sub-primatea there ia a small but definite increase in the number 
of temporo-pontine connections and a resultant appearance of a small retro- 
trigeminal pontine development. This is reflected in the enlargement of the 
culmen in the lobus anterius of the cerebellum. 

4— In the primates there is a steady increase in the number of temporo¬ 
pontine connections accompanied by a progressive extension of the retro- 
trigeminal pons and a continuous expansion of the culmen in the lobus anterius 
of the cerebellum. 

6—It is considered that the fronto-pontine fibres end chiefly in the pretri- 
geminal part of the pons whence their impulses are relayed to the dcclive- 
tuber complex of the lobus posterius of the cerebellum. Tbe temporo-pontinc 
fibres end chiefly in the rctrotrigeminal part of the pons and are relayed to the 
culmen of the lobus anterius of the cerebellum. A few temporo-pontine fibres 
end in the pretrigeminal part of the pons—presumably to be relayed to the 
declivc-tuber complex, while some fronto-pontine fibres probably ^(^ach the 
rctrotrigeminal part of the pons to be relayed to the culmen. 

6—The fronto-pontine pathway appears to be related to the release of muscles 
from the rigidity of the standing posture when they are required for action. 
The temporo-pontine connections appear to have evolved in response to the 
need for co-ordinated muscular reaction to the information received by the 
tactile, proprioceptive, cquilibratory, vibratory, auditory, and visual senseB. 
In some mammals one or more of these avenues of information may be 
developed to the neglect of the others. 


RISFEKKNCES 

Abbic, A. A. (1934). ‘ Phil. Trans.,’ B {in course o/publication). 

Bernia, W. J., and SpiogeJ, A. (1926). ’ Arb. neurol. Inst. Wien,’ p. 107. 
Biemond, A. (1031). ’ Proo. Akad. Sci. Amst.,’ vol. 84, p. 1100. 

Bolk, L. (1000). ” Dos Cerebellum der H&ugethiere,” Haarlem. 

Gray, P. A. (1924). ‘ J. Comp. Neurol.,’ voL 37, p. 221. 

Gray, P. A., and Turner, E, L. (1924). ‘ J. Comp. Neurol.,* vol. 30, p. 37.V 
Held, H. (1S93). ‘ Arch. Anat. Physiol.,’ p. 207. 

Hines, Marlon (1020). ' Phil. Trans.,’ B, vol. 817, p. 166. 

Ingvar, 8. (1018), ‘ Folia, neuro-biol.,’ vol. 8, p. 206. 

JonoB, F. Wood (1023). ” The Mammals of South AustraliaAdelaide. 
Kappers, C. U. Ariens (1033). ‘ Proo. Akad. Soi. Amst.,’ vol. 86, p. 62. 

MaoNalty, A. Salusbuiy, and Horsley, V. (1000). ‘ Brain,’ vol. 38, p. 237. 

Martin, C. J. (1808). ‘ J. Physiol.,’ vol. 88, p. 383. 

Mussen, A. T. (1927). * Brain,’ vol. BO, p. 318. 

Riley, H. A. (1030). ‘ Arch. Neurol. PByohiat.,* vol. 84. p. 227. 



520 


A. A. Abbie 


Rogen* F. T. (1924). ' J. Oomp. Neurol.,* toI. S7, p. 265. 

Sohneter, E. (1910). * Proo. Roy. Soo.,' B, voL 68, p. 116. 

Smith, G. Elliot (1899, a). ' J. Aiuit. Phyiiol.,' vol. 88, p. 809. 

-(1809,6). ' Trans. Linn. Soo. Lond., Zoo!.,* vol. 7, p. 227. 

-(1902). * Catalogue of the Jluaeum of the Royal College of Surgeons,' vol. 8, Physio). 

Ser., 2nd ed., London, 

-(1903, a). ' Trans. Unn. Soo. Lond., Zool.,' to). 6, p. 319. 

-(1003, b). * J. Anat. Physiol.,' vol. 87, p. 329. 

-(1003, c). ' Anat. Ans.,' vol. 88, p. 368. 

-(1008, d). ‘ Rev. Neurol. Psyohiat. Pfag.,* p. 629.. 

-((027). “ Essays on the E^lution of Man,** London. 

Tsai, Chaio (1026). * J. Corap. Neurol.,' vol. 89, p. 217. 

Turner, E. L. (1924). ' J. Comp. Neurol.,* vol. 86, p. 387. 

Vernon, K. (1031). * J. Anat.,' vol. 60, p. 66. 

Warner, W. P., and Olmsted, J. M. D. (1923). * Brain,' vol. 46, p. 180. 

Weed. L. H, (1914), ‘ J. Physio].,’ vol. 48, p. 206. 

Wilson, S. A. Kinnier (1920). ' Brain,* voi. 48, p. 220. 

Ziehen, T. (1897). ' Sera. Zool. Forsobungs.,* Jena (Fischer). 


EXPLANATION OF PLATES 
Key io Lettering 

ee, ped,t oerebral peduncle, corp. trap., corpus trapeaoideum cu., oulraon. 
deolive-tuber complex, fisa, p., flssura prima. fisa. prctpy., flssura pnepyramidalis. 
fiaa, a., fissura secunda. Jl., flocculus. Jr.p.f., fronto pontine fibres. Jr. cor., frontal 
cortex. Jr. p. (r.> fnmto-pontine tract, la. hm., lateral lemniscus, li,, lingula, lo. cen., 
lobulus centralis, m. cor., motor cortex, iii N., third nerve. V N., fifth nerve. VIK., 
sixth nerve. VII N., seventh nerve. VIII N., eighth nerve, nd., nodule, occ. cor., 
occipital cortex, p., pons. par. ear., parietal cortex, pa. Jl., paraflocculus. pre. p., 
pretiigeminal pons, py., pyramid, py. pyramidal fibres, py. tr., pyramidal tract, 
r.p., rostrum pontls. red »v., re<l nucleus, ref. p., rotrogominal pons. sub. n»y., substantia 
nigra, ton., tonsil, tem. cor., temporal cortex, i. pan. /„ temporo<pontine fibres, t. p. tr., 
temporo-pontine tract. uvula, v. teg, nu., ventral tegmental nucleus. 

Plata 21 

Fio. 1—^Ventral, median sagittal, and dorsal views of the brain-stem and cerebellum of 
EdUdno. X 3. Note the purely ratrotrigeminal development of the pons and the 
^lonnous size of the oulmen of the lobus anterius of the cerebelhim. The lobus 
posterius is stippled. In the dona! view of this and other oerebolla the deolive-tuber 
complex is enclosed within the heavy line. 

PLATA 22 

Flo. 2—^Ventral, median sagittal, and dorsal views of the brain-stem and cerebellum of 
a marsupial, JIfacropiM tMetidia. X 3. Note the purely pretrigeminal development 
of the pons and the hypertrophy of the declive-tuber complex of the lobus posterius 
of the oerebellum, especially from the dorsal aspect. 
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Flath 23 

3—^Ventral, nwdian sagittal, and dorsal aspects of the brain-stem and cerebellum of 
the mouse, x 3. Note that although the pons is still purely pretrigeminal in 
development it has extended oaudally In comparison with that of the marsupial. 
The deoUve-tuber complex of the lobus postcrius of the cerebellum still fomu the 
bulk of this oigan. 

Flxtb 24 

Fio. 4—Ventral, median sagittal, and dorsal aspects of the brain-stem and cerebellum of 
another rodent, the golden agouti, Daaifprocta OQuli, X 3. The pons has developed 
a small retrotrigemiual portion and is now covering the frontal bonliT of the corpus 
tiapezoideum. At the same time the culmeu of the lobus anterius of the cerebellum 
has enlarged oonsidoiably, this is especially obvious from the dorsal view. 

Platb 25^ 

Fia. 5—Ventral, median sagittal, and dorsal views of the brain-stem and uerobollum of a 
monkey, CercopiOiecua aabaeus. X 2. The retroirigeminal pons has increased 
considerably in size and now covers a large portion of the frontal part of the corpus 
trapozoideum. The culmen has also enlarged to a great extent and in median section 
almost equals the declive-tubcT complex in bulk. But from the dorsal view it can be 
seen that the total bulk of the oulmen is still oonsidorably Inferior to the total bulk 
of the declivB-tuber complex. 

Plat* 2fl 

Fio. 6-^imilar views of the human brain-stem and cerebellum, X The retro- 
trigeminal pons now exceeds the pretrigeminal pons in extent and oovers the corpus 
trapezoideum completely. Its relation to the sixth, seventh, and eighth nerves ia 
the same os in JPcAufna. The culmen of the lobus anterius nearly equals the deolivo- 
tuber complex in size in the median section, but the total bulk of the culmen, os seen 
from the dorsal aspect, is considerably inferior to that of the declivo-tuber oomplex. 

Plats 27 

PiQ, 7—(a) Tranverse section through the cerebral peduncle of Echidna, X 7. Woigert- 
Pal stain. Note that the pyramidal fibres and substantia nigra are confined to the 
medial border of the peduncle and that the rest of the peduncle comprises temporo¬ 
pontine fibres. (6) Section through the peduncle of Daayurvs viverrinua. x 14. 
Stain unidentifled. The pyramids and substantia nigra are situated at the lateral 
border of the peduncle the remainder of which comprises fronto-pontine fibres, (c) 
Section through the peduncle of the mouse. X 14. Hanson's stain. A few temporo¬ 
pontine fibres have aj^>eared at the lateral border of the peduncle and the pyramidal 
fllnnes and substantia nigra appear to have migrated somewhat medially, (d) Seotinn 
through the homan cerebral peduncle, x 3. Weigert-Pal stain. The tempcMH 
pontine fibres now equal in bulk the fronto-pontino fibres, and the pyramids. Hio 
greatest oonoentration of the substantia nigra occupies the middle third of tho 
peduncle. 
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Platib 28 

Fia. 8—^Diagram of the origin, ooaiw, and distribution of the fionto-pontine, parieto- 
pontine, and temporo-pontine fthree and the pyramidal tracts. Xote that while the 
bulk of the fronto-pontine fibres end in the protiigeroinal part of the pons to be relayed 
to the declivo-tuber complex of the cerebellum, a few pass to the retrotrigeminal pons 
to reach the oulmen of the lobus antorios. On the other hand, most of tho temporo¬ 
pontine fibres terminate in the retrotrigeminal pons to be relayed to the oulmen of 
the lobns anterius, but a few end in the front of tho pons to reach the deolive-tnber 
complex of the lobus posterius. 
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1. Introduction 

It has long been recognized that the method of counting bacteria in a soil 
aample by means of plate counts is valueless as an estimate of tho total bacterial 
population, although such counts have undoubted value in comparing two or 
more samples. The numbers obtained by this method represent only a small 
fraction of tho total population. '-'Thiais due mainly to the fact that no single 
plating medium will enable all the diverse groups of soil bacteria to multiply 
and produce oolouies. Indeed, many types will not grow on any of the media 
commonly used for plate counts, and it is very uncertain whether those whioh 
do 80 are of main importance in carrying out bioohemioal changes in the soil 
itself. The number of colonies whioh appear is probably reduced further by 
the fact that, in some soils, mARy of the bacteria occur in clumps which would 
not easily be broken up in the process of making the soil suspeiuion. These 
limitations of the plate method make it very important that a technique 
should'be developed for making accurate estimates of the total bacterial content 
of a soil sample from direct microscope counts. 

The counting of bacteria in dried and stained films has become a recognized 
technique for milk (Breed,'1911). A comparison between plate and direct 
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microscope counts of milk samples was made by Breed and Stookmg (1920) 
and more recently by Buioe (1934) who found that the numbers obtained by 
two methods were of the same order. With milk, however, most, if not all, 
of the organisms counted were of types capable of growing upon the plating 
mediiun used. The application of direct counting methods to bacteria in a 
soil sample is greatly complicated by the presence of the soil particles. These 
introduce difficulties in staining the fUm. in obtaining an even distribution of 
bacteria over the film, and in estimating the mass of soil examined. 

The difficulty in obtaining a differential stain for the bacteria in a soil film is 
due to the existence of particles of organic material which take up most of the 
stains commonly used for bacteria. Much of the soil organic matter consists 
of “ humic acid compounds which combine with the common basic dyes. 
Conn and Winogradsky found, however, that if an acid dye were employed, 
these bodies took up little or none of the stain, so that a differential stain for 
the micro-organisms could be obtained. Conn (1918) employed Bengal rose, 
but Winogradsky (1926) foimd that cr 3 d;hrosine gave a clearer stain. A 
modification of Winogradsky’s staining method is employed in the technique 
here discussed. 

By staining dried films of soil suspensions with these acid dyes, Conn, and 
especially Winogradsky, have made some very interesting qualitative observa¬ 
tions on the appearance of bacteria in the soil itself thus opening upon a new 
field in soil iniorobiology, Koifinaun (1928) developed a different and somewhat 
cumbersome teclmique in which a soil suspension, placed between a cover 
glass and shde, was fixed, stained, dehydrated,'' cleared,” and finally mounted 
in balsam by diffusion of the various liquids in from the edges of the cover glass. 
This method may have value for the qualitative study of delicate soil organisms 
that are destroyed in a dried film. It would seem too lengthy to form the 
basis of a quantitative method. 

The preparation of dried and stained films of a soil suspension, however, is 
rapid and simple, and the use of such films for estimating the numbers of 
bacteria in soil naturally suggested itself. Indeed both Conn and Winogradsky 
have devised such methods. 

CoBR (1918) used a direct application of Breed's method already in use for 
counting bacteria in milk. One hundredth of a cubic centimetre of soil sus¬ 
pension of known dilution was spread over a square centimetre of miarosoope 
slide. The film was dried and stained and the bacteria in random midosoope 
fields of known area were counted. Direct oalculatiou from the mean count 
gave the numbers in the original film and suspension. An impoirtant fisetor 
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limiting the accuracy of this method must be the difficulty in obtaining an 
accurate sample of a Buspenaion of Boil particles only O-Ol cc in volume. Any 
error in the quantity of soil sampled will bo multiplied by a large factor in 
calculating the numbers per gram. Winogradsky (1926) sought to estimate 
the quantity of soil in the film by weighing. Here again the error involved in 
weighing s soil film of perhaps 0 * 1 mg must introduce a large source of error 
in the final estimate of numbers pt^r gram. 

In both methods the calculation of the number of organisms per gram of 
soil involves an estimate not only of the small mass of soil in the film, but also 
of the number of bacteria in that film. Unfortunat<»ly this latter estimate is 
also liable to a grave soureo of error. It is based on the moan count of a 
number of random microscope fields and its reliability consequently depends 
on the assumption that the distribution of organisms over the film is random.- 
An extensive series of counts which were imule by Ktthlmorgcn-Hille (1928) 
enables this point to be tested. He made bacterial coimts from 19 different 
soils using both Conn’s and Winogradsky’s methods and also the plate method. 
The two direct methods gave very different results. The actual counts 
obtained from individual microscope fields by each method are given and have 
enabled the present authors to test the agreement between such replicate 
counts within each sample by calculating the indices of dispersion according 
to the statistic 



where x == any individual count, "x = their mean and S stands for summation 
(Fisher, 1932). Where the distribution of the counts agrees with the expectation 
of random sampling, the value of should approximate to the number of 
degrees of freedom. When using Conn’s method, Kiihlmorgen-HiUe made 
counts of 40 parallel microscope fields from each of the 19 soils, thus obtaining 
a series of counts having 39 X 19 == 741 degrees of freedom. The values of 
X* for the 19 sets total 1096 * 16, a value which is quite outside the expectations 
of random sampling. Winogradsky’s technique involves the division of each 
soil sample into five fractions by sedimentation and centrifuging.* Kfihl- 
morgcn-Hillo made counts from 24 random microscope fields from each of the 
five fractions of his 19 soil samples, thus providing 96 sots of counts, each having 
23 degrees of freedom, from which to estimate the dispersion between replicate 
microscope fields. Of these, however, six sets gave such low counts, with many 

* This division of the sample oompUoates the ertimate of bacterial numbers owing to 
imoertalnty as to the relative value to be asrigned to oounts from each fraction. 
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blank fields, that no valid estimation of could be obtained from them. 
Tabic I shows the distribution of the values of among the remaining 89 
sets, together with the distribution to be expected in 89 sets of random samples. 
Column 2 shows for each value of the coiTesponding magnitude of P, which 
is the peroentogo probability that a given value will be exceeded in a random 
sample. Here again there is a large excess of high values of indeed in 24 
of the sets the values are larger than could occur once in a hundred random 
samplcB. One must conclude, in default of contrary evidence, that the bacteria 
in a dried hhn of soil are distributed so^un^venly that direct counts from random 

Table I—indices from 89 sets of 24 replicate microscope field counts using 
Winogradsky’s method (from KUblmorgen-Hille’s data). 


(11-23) 

p 

Number of 

Number of 

r 

aoU observed 

nets expQoted 



2 

0-89 

10 12 

0-90 

2 

0-80 

11 >29 

0-98 

2 

2-67 

1309 

0-96 

2 

4-46 

14-8A 

0-90 

4 

S-9 

1719 

0*80 

2 

8-9 

1902 

0-70 

1.3 

17-8 

22-34 

0-50 





8 

17-8 

26-12 

0-30 

3 

8-9 

28*43 

0-20 

7 

8-9 

32-01 

0-10 

10 

4-46 

36-17 

0-06 

6 

2-67 

38-97 

0-02 

4 

0-89 

41-64 

O-Ol 

24 

0-80 


microscope fields do not provide valid samples of the whole film, and therefore 
do not provide reliable data from which to calculate the total bacterial oontent 
of that film. This conclusion, derived from Kiihlmorgen-Hilie’s data; is 
confirmed by our results, given belov- 
There are thus two serious difficulties in estimating the bacterial numbers 
in a soil sample from the examination of stained films of that soil. The first 
is that of determining with sufficient accuracy the mass of soil in the film, 
the second that of estimating, from random microscope fields, the total number 
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of bacteria in the film, when these are not in fact distributed through it at 
random.* It seemed possible that these difficulties might be ciioumvented 
by the use of a ratio method similar to that devised by Wright (1912) in which a 
counted susponsion of blood corpuscles is used to determine the density of 
a bacterial suspension mixed therewith. The principle of this method as 
applied to soil is as follows. A suspension of particles of distinctive colour is 
made up and the number of particles per cubic centimetre is determined. A 
known mass of soil is shaken up in a known volume of this suspension and 
films of the resulting mixture arc prt^pared, dried, and stained. Counts are 
made of bacteria and of added particles in random microscope fields aud the 
ratio of one to the other is determined. Since the absolute number of particles 
added per gram of soil ia known, the number of bacteria is simply calculated. 
This method avoids the necessity of estimating the mass of soil in the film, 
since the calculation of bacterial numbers from the ratios depends upon the 
mixing of soil and particle suspensions in quantities large enough to measure 
with ease and accuracy. Moreover, the uneven distribution of bacteria over 
the dried film is mainly due to surface tension disturbances. So that, if 
coloured particles of the same size and density as bacteria are employed, it 
seemed probable that bacteria and added particles would be similarly acted 
on by surfaoe tension forces, and that the ratio between them over different 
areas of the film would remain undisturbed during drying. One should thus 
obtain a more even distribution of ratios than of bacteria taken by themselves. 

The properties required of coloured particles greatly restricts the range of 
substances that can bo employed. They must be 

1. Insoluble in water. 

2. Unaltered by drying. 

3. Unaffected by the stain used for the bacteria. 

4. Of a bright colour contrasting with this stain. 

5. TrajQsparcnt, so that tht; colour may show by transmitted light. 

6. Of approximately the specific gravity and size of bacteria. 

* The attempt to avoid the diffionlties due to soil in the film was made by Vande Velde 
and Vnrbelen (1930). This method consists in shaking the soil with sterilised milk, 
plus a irmoe of fbnnaldehyde, altowing it to settle and counting the bacteria in films ot 
the supernatant fluid. The present authon know of no data enabling them to judge what 
leUtkmship exists between the baoterial numbers in the supernatant milk and those in , 
the original soil sample, A method somewhat similar In principle, in which counts aie 
made from an alkaline sefil soipension after centrifuging, has been evolved by Germanov 
(19S2). 
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After trying many substances it was found tliat indigotin was the most satis¬ 
factory substance and that, in sufficiently small particles, it possessed all the 
above qualities. 

2. Tediniqm 

The technique iinally developed was as follows* :— 

A—Prepamtum of tlie Indigotin SmpefiMon —Half a grain of finely powdered 
indigotin is well shaken in 60() cc of sterile distilled water and the suspension 
is passed rapidly through coarsti filter paper (e.g,, AVhatmari No. 4). The paper 
should be changed us soon as the pore^ show .signs of becoming choked. The 
suspension is then counted on a heemocytometer, 0*02 mm in depth. There 
should be about 500 million particles per cubic centimetre and their mean 
diameter should be about 1*5 p.. Unless the suspension is used at once, 0-2 
gram of HgCl 2 per litre should be added to prevent baGt<TiaI growth. It is 
well to examine a stained smear of the suspension to ensure that it contains no 
stainable organisms. 

Filtration does not ensure such uniformity in particle size as would be ideal. 
A great advantage would ensue if particles of more uniform size could be 
obtained. Satisfactory suspensions have l>een made by Dr. Hugh Nicol by 
chemical methods, but, hitherto, undesirable bye-products have caused froth¬ 
ing in the presence of soil. 

B —Preparation and Staining of the Films —The soil to be examined is passed 
through a 3 mm sieve and 5 grams are sliaken with 25 cc of the counted indigotin 
suspension for 3 minutes.^ The mixture is then diluted with 25 co of sterile 
0-01% agar and shaken for a further 3 minutes. The agar assists the subse¬ 
quent adhesion of the film to the slide surface. About 5 co of the mixture 
is quickly poured into a specimen tube for greater ease of manipulation. Five 
drops of about 2 mm diameter are placed on the surface of a carefully cleaned 
microscope slide by means of a mapping pen, the tube being shaken between the 
making of each drop. The drops arc then loft to dry. Such small drops dry 
rapidly and with a minimum of disturbance due to surface tension. Four or 
five replicate slides should be prepared from each soil sample. The slides are 
stained for 10 minutes in 5% erytlirosine dissolved in 5% phenol, and restained 
for 10 minutes in saturated aqueous erythrosino washing in distilled water 
after eaoh stain. The slides are then dried. The second staining intensifies 
the colouring of the bacteria. Other acid dyes can be used. Bengal rose, 

* A note deeoriblng the method was pubUi^md in * Katun/ vol. 122, p. 400 (1022). 

t Soils very poor In bacterial cells should be less diluted. 
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phloxine, cyanosine, and aoid fuohsine have been tested but have not given 
better results than erythrosine.* 

C— Method of Coxmlvoq —The micro-organisins and indigo particles in a 
number of random mieroscope fields are counted under an oil immersion. It is 
best to insert in the eye piece a glass disc ruled with a square having 2 mm sidw 
and to take only the area covered by this square as a field. Aoouracy of 
counting is notably increased and eye fatigue reduced by the use of a binooular 
microscope. The number of fields to be counted depends upon the degree of 
accuracy required and upon the numbers of bacteria and indigo particles 
found per field (see below, p. 631). Where five drops on each of four slides 
are examined, it is usually sufficient to count 4 fields per drop so that the esti¬ 
mate of numbers is based ou 80 fields. An important advantage of such 
miciosoope counts is that the preparatioxis are permanent, so that the accuracy 
of a given estimate can be increased at any time by counting a greater number 
of fields. The number of organisms, o, per gram of soil is calculated according 
to the formula 

o=6y. j, 

where y = the number of indigo particles per cubic centimetre of the sus¬ 
pension 6 CO of which were added per gram of soil, and B and 1 the total numbers 
respectively of organisms and indigo counted in the films. A typical series 
of counts is illustrated in Table II. 

Z—Teels of the Method 

(a) Agreemefd between BejAicate Mioroscofe Fields and Drops —A serious 
source of error in other proposed microscope methods of counting soil organisms 
has been the uneven distribution of these organisms over the film. It was 
hoped that, in the present method, ratios of organisms to added particles might 
be more uniform over the film than was the distribution of the organisms 
taken by themselves. This can be tested by calculating the x* indices of 
dispersion between replicate microscope fields. (For method of computating 
the ratio x*> Appendix.) These values have been calculated for nine 
series of counts &om soils of three Bamfield plots. The results are shown 
in Table III where column A gives the number of degrees of freedom, n, for 
each' count. Columns B and C show the x* indices and the corresponding 

* There U soma oonfuelon as to the terminology of the floomodn group of dyes. The 
•tain used la '* sryihrosins B," (tetra-iodo-fluoresoein). 
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values of P for the counts of micro-organisms taken by themselves. Here, as 
with Kilhlmoren-Hillo’s material, the micro-organisms are unevenly dis¬ 
tributed over the films, the values of x* being excessive in six of the nine sets, 
and in two of those being extremely high. Columns D and E show the x’ 
indices with their values of P for the raiim derived from the same replicate 
microscope fields. In only one set does the value of x* exceed that expected 


Table III—^x’ indices of dispersion for ratios of organisms to indigo particles* 


and for 

organisms 

alone in replicate microscope fields 



A 

B 

x»..f 

0 

u 

X*of 

£ 

SoU 

n 

organiiinui 

aloDe 

P 

ratioe 

P 

plot 8-0— 

Sample 1 

03 

55 82 

0-74 

43-82 

0-07 

M 2 . 

63 

67-19 

0'34 

59-68 

0-60 

.. 3 

47 

58*49 

0-12 

36-00 

0-87 

Banifleld plot 4-A— 

Sample 1 . 

63 

9612 

0-004 

70-53 

0-25 

M 2 

59 

93*42 

0-002 

88-02 

0-006 

.. 3 

63 

96-71 

0-004 

6S-60 

0-20 

BarnfleM plot 1-0— 

Semplo 1 

79 

422 00 

io-»» 

84-53 

0-32 

M 2;. 

63 

86-66 

0-025 

79-30 

0-08 

M 3 

63 

143-81 

10“» 

43-26 

0-06 


in a random sample. Thus, although the micro-organisms were unevenly 
distributed over the films, the ralios of micro-organisms to indigo particles 
from the same microscope fields did not in general show excessive variability. 
This desirable result must be attributed to the surface tension forces acting 
similarly upon the micro-organisms and upon the indigo. 

In examining a largo mass of data it is more convenient to take the drop 
rather than the microscope field as the unit. A comparison of replicate drops 
also reveals any variability that may be introduced during the making of the 
drops. The values of x* were computed for the ratios found in replicate drops 
from counts of 6<) soil samples made by four workers over a period of some 
4 years. The number of replicate drops was usually 15, but varied in difierent 
sets BO that the x* indices are not directly comparable. In order to collect 
the results into a simple diagram the values of P corresponding with each x* 
index have been taken. Fig. 1 shows the distribution of these values, the 
broken line showing the distribution expected in random samples. The agree¬ 
ment l^tween replicate drops is 8<Hnewhat closer than would be expected' 
from random sampling and in no set is the variability exoessive. The placing 
of the drops on several microscope slides also enables any possible error due 
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to variation in staining to be detected, since the ratios from replicate slides 
should also agree within random sampling expectations. They have always 
been found to do this; an example is shown in Table IV. As regards the 
ratios, therefore, there is experimental justification for regarding the random 
microscope fields as valid samples of the whole drop, and the drop as a valid 
sample of the suspension. Since the ratios between replicate drops have been 
found to agree within random sampling, the variance between such drops will 
depend solely on the total numbers of organisms and indigo particles counted 
(see Appendix) and the percentage standard error can be calculated approxi¬ 
mately from the formula 

S per cent. = 100 ^ + J = »i. 


a 

• / 


• / 




I_i_ \ _I_I_I-L 




- 

J_I-1-1 


P-0-99-98 -95 -90 -80 70 -50 -fiO -20 -10 -05 -02 0-1 


Fig. 1—^Distribution of the values of F for the X* indices of dispersion between replicate 
drop ratios from counts made by four workers from 60 soil samples derived from 
TariouB sources. 


where B and 7 arc the total numbers of organisms and indigo particles. In 

fig. 2 the percentage standard errors that should correspond to values of ^ 

B I 

from 0-001 to 0-015 ore shown by the curve, while the crosses show actual 
standard errors between replicate drop ratios calculated from 20 sets of data 
by the empirical method based on the natural logarithms of the ratios (see 
Appendix). This quick method of computing the expected standard errors, 
from the sum of the reciprocals of B and 7 affords a useful means of forecasting 
from a preliminary count from a small number of microscope fields, how many 
fields must be counted to reduce the standard error between drops to a desired 
percentage. Thus if a preliminary count from microscope fields gives a 
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Btandard error 0 ^, the number of fields, n,, that must be counted to give a 
standard error can be obtained from the formula 



such a calculation will often save counting an unnecessary number of fields. 
It should be noted that the standard error here involved is that between 
replicate drops and so does not take into account any variance due to 
the preparation of the films from the original samples. Any variance due to 
this cause, however, cannot be eliminated by counting a greater number of 
microscope fields. 



Fza. 2—Ezpeoted and obeorved standard errors of ratio oounta plotted against ^ ^ 


(b) Consistency of ResuUs—ln checking tho reliability of the method it is 
further necessary to ascertain whether the personal factor due to the worker 
making the counts introduces any systematic error. Such an error might not 
affect the random distribution of the ratios found in replicate drops. It is 
also necessary to test tho ^sistency of results obtainable when the method is 
applied to replicate fractions of a single sample of soil. Such a test covers 
possible errors involved in the whole process of preparing the films from the 
original soil. The following experiment was mode to test these two points, 
A sanxple of soil from Plot 8A of Bamfield was passed through a 3 mm sieve 
and, after thorough mixing, was divided into four portions. Five slides, each 
with five drops, were prepared bom each sample. Two workers made counts 
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from different microBOope fields fr<mi every drop. In the absence of a personal 
error their counts should agree as random samples. Table IV shows the 
numbers of organisms and of indigo particles counted and the resulting ratios 
obtained by each worker from each of the four portions. Column 10 shows the 
sums of the indices of dispersion between the two workers’ counts from 
individual drops of each portion. The two series of counts agreed within 
random sampling, no personal error being detected.' Column 11 shows the 
mean ratios obtained from the two series of counts and the last colunm gives 
the numbers of organisms calculated per gram of dry soil, the moisture content 
varying slightly between the portions. The calculated numbers agreed with 
a standard error for the mean of 3*2% where that expected from random 
samples was 1'5G%. The variance between portions is thus not wholly 
accounted for by random sampling. The extra variance was not due to the 
preparation of the films since replicate slides agree as random samples (see 
columns 5 and 9). It must thus have been present in the suspensions and 
probably represented a slight heterogeneity in the original soil portions. 

A second experiment, with soil taken from the same plot some months later, 
was made to test the agreonicnt between four portions of a single soil sample 
and gave the results shown in Table V. Here the standard (*rror of the mean 
was 3-33%, that expected from random samples being 3-18%. 

Table V—Counts of micro-organisms from four portions of a sample of soil 

from Barnfield 



S&mple 

OrgsniHTns 

Indigo 

Baiioft 

X* between 
drop ratios 

Millions 
per gram 

A 

477 

424 

I 125 

n - 15 
13-72 

of dry soil 
2014 



51Q 

615 

1008 

10-64 

1815 

C 


459 

419 

1109 

14-02 

1975 

D 


622 

519 

1*198 

10*16 

2135 


Totals 

Means. 

2077 

1877 

M07 

48-53 

n=.60 

7939 

1984-75 

±66-05 

(3-33%) 


In the above experiments the same worker prepared the films from all the 
portions. It is important to ascertain whether any error is liable to be intro¬ 
duced by the worker’s technique in preparing the films from the original soil 
To test this, a sample of sifted garden soil was divided into three portions and 
slides were prepared and stained from each portion by a different worker. 
The microscope counts were all made by one worker with the results shown in 
Table VI. The very close agreement found shows that there was no difference 
due to workeiTs’ technique. 
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Table VI—Counts of micro-organiBins from tlirec portions of a soil sample, 
the preparations from each portion being made by a separate worker 



Total counts of— 


y* between 

Millions 
per gram 

Sample 

Orsanisma 

indigo 

Halios 

drop ratios 
» --- 16 

A (P. H. H. a.) . 

ISU 

IB03 

0-770 

4 B6 

1870 


004 

12B4 

0-780 

14 98 

1003 

C(H. L. J.) . . 

TotalH ... 

00 L 

3200 

Lies 

4125 

0-771 

13-4 
3.3-24 
n ^ 45 

1867 

Meanfl .. 

lOBOU 

1376 

0-778 


1883 

J:10-58 

(0-66%) 


C—“ Recovery of Added Bacteria —^The correct estimation by it of a 
previously known number of bacteria added to sterilized sod would seem to be 
the final test of the ratio method. This test has been made several times. 
The method was to count a suspension of a pure bacterial culture on a haamo- 
cytomfiter, to add a known volume of this suspension to a known quantity 
of autoclaved soil and at once to prc^parc films from this soil and estimate 
bacterial numbers by the ratio method. The results of five such bests are 
summarized in Table VII. 


Table VII—“ Recovery ** of counted suspensions of bacteria added to sterilized 

soil 


Organiama addod 

Nuinbors 

added. 

Numbera 

found. 

Difference, 

milliona 

Percentage 


milUotiH 

iniUioiis 

diffcn-nce 


pitr gram 

per gram 

per gram 

£. coli 

8hH) 

H220 

4-60 

+0-74 

E.cqH . 

IIBO 

1230 

4-70 

4-603 

M, pUtonensis 

08:1-3 

078-3 

-5 

-0-51 

R. weliloti . 

880 

847 

-33 

-3-76 

H. mdiloti . 

2080 

2100 

4-20 

4-0-96 


4 —Numbers of Micfobial Cells in Rothamsied S<nl 

The micro-organisms seen in stained films of Kothamstcil soils consist for 
the most part of small rods and coccoid rods. Large rods found singly or in 
ohaina and ilzotobac(er-like cells are less common, but are fairly frequent in some 
samples. Cocci of various sizes are sometimes abundant, particularly in the 
Park Grass soils. Many of these are probably actinomycete spores, and the 
term bacteria, referring to direct counts, is used with this reservation. Frag¬ 
ments of actinomycete- and fungus-mycelium are numerically scarce as com¬ 
pared with bacterial cells. Cells which may be algee or encysted protozoa 
are often seen, but the method is, of course, not adapted for preserving such 
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large cells suffioiently well to enable them to be identified with certainty. 
Their numbers are, moreover, too small for counts to be of much value. Trophic 
forms of flagellates have occasionally been identified. Diatoms also occur 
though in very small numbers. 

Other observers have found that the soil bacteria occur mostly as clumps or 
colonics. In Bothamsted soil such clumps, sometimes imbedded in the soil 
colloids, are at first sight a striking feature, but the actual number of cells in 
these aggregates is small compared with that of isolated cells, which constitute 
more than 80% of the total numbers. 

Table VIII shows the total numbers of micro-organisms per gram found by 
the ratio method in some Bothainsfed soils, both arable and grass land, together 
with the results of platt*. counts of the same samples made on Thornton's 
medium (1922). The number of cells of micro-organisms in these soils varies 
from 1000 to 4000 millions per gram. Taking the average volume of such a 
cell as 1 cubic micron, 1000 million will occupy 1 cubic millimetre and weigh 
about 1 milligram. An acre of Bothamsted soil to a depth of 6 inches, if 
taken as weighing 1-6 million pounds will thus contain from 1600 to 6000 
pounds of microbial substance having 300 to 1200 pounds of dry matter with 
30 to 120 pounds of nitrogen. 

Table VIII—Bacterial counts from Field Soils 

ToUl cell PUte Ratio of 
count count total 

Hot Manuring pn of Roil millions millions count 

per gram per gram to plate 
of soil of^il count 

Bamficld (arable ; continuous mangolds) 

I- 0 Farmyard manure . 7*8 3733 28'S0 120*3 

4-A Comneto minerals -h ammonium 

solphate. 7*2 1766 Ifil 117 

0-0 Nomannra . 8 0 1005 7-66 133*1 

Park Grass (permanent meadow) 

13 Farmyard manure. .. 4*6 2305 2*25 1064*4 

II- l Complete mineimls + ammonium 

sulphate. 3*8 2403 1*85 1780*0 

12 No manure . 5*6 3041 7*5 405*4 

There is a striking discrepancy between estimates of bacterial numbers 
obtained by microscope counts and by plating (see Table VIII). This is 
particularly great in the grass pbt soils, but in this instance the low plate 
counts may be due to the use of a plating medium originally devised for use 
with neutral soils and perhaps unsuitable for the growth of the predonunant 
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organiamfl occurring in the acid grass plot soils. The plate counts represent 
an unknown fnK^ion, probably small, of the total number of live bacteria in 
the soil whereas the microsoope counts give the total number of live bacteria 
plus an unknown fraction of dead cells. It does not seem possible to determine 
the number of live bacteria in soil by means of the plate method because no 
single plating medium will support the growth of all the different groups of 
bacteria present, whereas if one attempts to overcome this difficulty by plating 
on several different media, there will be inevitable overlapping, for many 
types will grow on more than one medium. It can be shown that dead, or ^ 
non-viable cells are included in the microsoope count, since em appreciable 
number of cells can still be seen in stained films prepared from soil sterilised 
in the autoclave. Attempts to determine the number of live bacteria directly 
from microscope counta have therefore proved unsuccessful, although the 
authors have made numerous attempts to do this by varioua difierential 
staining methods. It might be possible to derive an approximate estimate of 
the percentage of live cells included in the total count if the rate of disappear¬ 
ance of dead cells in the soil could be determined and were found to be approxi¬ 
mately constant. Coimta obtained by plating are derived from cells that are 
** live ” in the sense of viable, i.e., capable of multiplying on a suitable medium. 
There is no a priori reason why the number of viable cells should be more 
closely related, causally, to the biochemical changes in the soil than is the total 
number of cells, which may include many that are unable to multiply but are 
still able to produce chemical changes in their environment. 

A survey of some of the barley plots on Hoos Field, Rothamsted, indeed, 
indicates a relationship between total numbers of micro-organisms and 
fertility, A series of soil samples were taken from 12 plots &om this field on 
October 14, 1931, each sample being a mixture of four cores taken at random 
over the plot. From these samples the numbers of micro-organisms were 
estimated by the ratio method. Fig. 3 shows the average yield of straw for 
60 to 76 years plotted against numbers of micro-organisms from 12 of these 
plots. There is a significant association, with a suggestion, however, that 
numbers of organisms are limited to about 3600 million per gram by soma 
&otor which did not similarly limit the growth of the crop. 

Much more information oonoeming the behaviour of the total counts of 
mioio-orgaiuBinB in a field soil, will, however, be needed before their relationship 
to yield can be fully eluoidated. For example, the sampling of the 12 plots 
on Hoos Field was carried out in about 1 hour, so that the time factor involved 
in this n^mplmg may be important. 


2 o 


VOL. oxv.—B, 



S38 


H. G. Thornton and P. H. H. Gray 

The plate oonnt from soil aamplea taken at ahort intervals of time shows 
marked fluctuations (Thornton and Gray, 1930). It is necessary to discover 
how far these fluctuations also affect the total count before one can estimate the 
validity of counts &om samples, taken at only one time, A series of samples 
was taken at 2-hourly intervals from a specially prepared plot of garden soil 
using the sampling technique described by Thornton and Gray (1930). On 
each occasion composite soil Bamides, each made by mixing six cores, were 
taken &om the two halves of the plot and separate counts were made from 
each of the two samples by the ratio method. The numbers obtained are 



Fio. 3>—Bacterial numbers by the ratio methodfrom Hoos Field plots compared with the 
yield of straw. The plot number is shown against each dot. (For manurial treat¬ 
ments Boe Bothamsted annual reports.) 

shown in fig. 4. There was a marked &11 in numbers during the period of 
sampling and this was statistically significant.* 

The feud; that the numbers of micro-organisms change not only in space over 
a field but also in time must greatly affect the technique of comparing the 
micro-population of two or more field soils. Thus if the taking of the samples 
to be compared be not strictly simultaneous, an error may be introduced 
owing to changes in the numbers of organisms daring the period of sampling. 
Moreover, a single series of samples, even if taken simnltanaously, may still 

* The varisnee between aimnltaneouB samplee wu 38,107 iridle that b et ween mean 
oonnti at different times was 800,147. If these varianoes are compand by Fisher's 
method (1032) the value of s is 1*52 for which P is lam than 0-01. 
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give miflleading oomparisonB unlesa the flactuationB in numbers were to run 
parallel in all the soils compared. The comparison of the Hoos Field plots 
referred to above may be subject to error from both of these causes, though 
the present data as to fluctuations clearly provide no means of estimating the 
importance of such sources of error. Fluctuations in numbers of organisms 
in field soils must be investigated as a preliminary to any quantitative study 
of the soil population in the field, since the value of all such work is dependent 
on a knowledge oi. the variance due to fluctuations. The study and analysis 
of the fluctuations themselves must also be of fundamental importance to the 
extension of our knowledge of the factors that influence the activities of the 
soil population. 



Fia. 4—^Microsoopo counts of baotoria from soil samples taken at 2-hourly intervals. 

The dots and crosses represent numbers found in tho two half plots. 
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Summary 

1—^There are two serious difiiculties in estimating the bacterial numbers in 
a soil sample from tho microscopic examination of stained films of that soil. 
The first is that of determining with sufficient accuracy the moss of soil in 
the film and the second that of estimating from random microscope fields 
the number of organisms in tho film when these organisms are not distributed 
through it at random. 
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2— teohniqua is here desoribed in which these difficulties are ayoided, by 
detennining, in random mioroscope fields from a parallel series of stained films, 
the ratio between the number of baotezia and the number of indigo particles, 
of which a counted suspension has previously been added to a given mass of 
soil The bacterial numbers oaloulated from such ratios are, of course, 
independent of the mass of soil on the film. 

3— It is found that the ratios obtained from parallel microscope fields are 
distributed at random, although counts of bacteria taken by themselves from 
the same fields are much less uniform. 

4 — ^The accuracy of the method has been tested in the following experi¬ 
ments :— 

(a) The bacterial numbers in four portions of a single soil sample agreed 
within a standard error of 3-3%. 

(b) The numbers found in films prepared by three workers from the same 
soil sample showed no significant difierenoes. 

(e) The numbers found by two workers independently counting different 
microscope fields from the same films agreed as random samples. 

(d) Counted suspensions of bacteria added to sterilised soil were estimated 
with a standard error of 3*6%. 

5— The bacterial numbers found in Rothamsted field soils by this method 
range from 1000 to 4000 millions per gram of soil. 

6— Samples taken from some of the Hoos Field plots showed a relationship 
between the total bacterial numbers and the average yield of straw taken over 
a number of years. 

7— Caution is at present necessary in discussing results obtained from samples 
taken on only a single occasion, since there is evidence of rapid changes in 
numbers of bacteria with time. Successive samples taken from garden soil 
showed significant changes in total bacterial numbers during the course of a 
day. 


Appendix 

By Professor R. A. Fishes, So.D., F.R.S. 

It is important to avoid confusion between the two types of teat for which 
X* is used in this paper. If bacteria only are counted we have a single aeries 
of numbers representing the counts obtained from n' different fields, e.g., 


®ii 



Totol Bacterial Numbers in Soils 


541 


If tho difierent fields contained equal quantities of soili in which after 
thorough mixture the bacteria were dispersed at random, it is known (Fisher, 
1932, sect, 16) that the number x should constitute a sample of n' from Poisson 
series, such that the probability of counting just x organisms is 



where m is the average number in all fields. When m is not unreasonably 
smaU, t.e., if it exceeds about 5 units, the homogeneity of the diSerent fields 
may be easily tested by calculating what is known as the index of dispersion, 
defined as 



with W — 1 degrees of freedom ; for, on the hypothesis of homogeneity, this 
index will bo distributed in a well-known distribution, independent of the 
value of ia. Clearly when the values of x vary greatly will be Idgh, and 
since its distribution is known and readily available it is easy to see if its value 
is too high to admit of the hypothesis of homogeneity. 

When both bacteria and indigo particles are ooxmted, each field will provide 
two numbers, and we are concK^riu^d with the stability not of either number in 
itself, but of the ratio between them. This is equivalent to testing the pro¬ 
portionality of the entries in a 2 X n' table of frequencies, for which the table 
of X* may equally be used. If b and i stand for the numbers of bacteria aud 
indigo particles counted in any field, and if B and / are corresponding totals 
for all fields, may be written in the form (Fisher, 1932, sect, 21) 


1 

Bi \ b-i^i r 


where the degrees of freedom are, as before, one less than the number of fields. 
Thus the same distribution may be used for testing the homogeneity of the 
ratios as for testing that of the absolute numbers. 

Where homogeneity exists the importance of obtaining clear evidence of it 
is twofold. In the first place, the fact that the actual discrepancies between 
different fields, drops, or slides are of the same magnitude as those which 
would arise by pure chance in sampling homogeneous material affords a 
guarantee that the technique employed has attained the greatest possible 
precision subject only to the limitation imposed by the number of fields counted. 
In the second place, when the precision has been thus raised to the highest 
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possible level it depends only on the extent to which the material is counted, 
and can therefore be inferred from the total numbers. This is a oonsiderable 
convenience in eatimatoa of standard error, intended for use in tests of signifi- 
canoc. 

If p is the ratio £/(/ H- B)^ then it is well known that, with homogeneous 
material, the variance of p is given by 

V/ X BI , 

(/ + B)*’ 

from this, since I and B are both largo, wo may readily calculate the variance 
of the ratio Bjl, and what is more important, that of its logarithm. For if 
r ~ B/I, then for small variations of p and r, dp and dr 


whence 


p» 


V{r)=^V(p) = 


(/ + B)* BI 

/* ■ (/ + B)* 


B(I + B) 
P 


Agaiu if Z = log r 


whonco 




V(r) = 


P B{I-\-B)_I + B_l . 1 
& ' P IB 1'^ B’ 


To find the uampling variance of the natural logarithm of the ratio B/J, it 
is therefore only necessary to take the sum of the reciprocals of the total 
numbers of bacteria and indigo particles counted. This rapid and convenient 
test could not be relied on unless, as is shown by the tests, practically all the 
existing variation is oscribable to purely random errors. 

When this is not so, the values of Z derived from different drops will not 
agree so closely as is theoretically possible, and an empirical standard error 
baaed on actual deviations between values of Z for parallel drops should be 
used in tests of significance. 
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